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Introduction 


In the early days of the ‘Environmental Revolution’ in the late 1960s and early 1970s, the 
role of economic analysis in the design and implementation of policies for protection of the 
environment was viewed with suspicion, and in some instances with outright hostility, by 
many environmentalists. Economic forces were seen by many as the basic source of 
environmental degradation, and effective policy had to combat these forces, not cooperate 
with them. Much of the early legislation embodied this perspective. In the United States, 
for example, the Clean Air Act of 1970 forbad the use of benefit-cost analysis in the 
determination of standards for environmental quality; such standards were to be set to protect 
the public health without regard to costs of attainment. Following on its heels, the Clean 
Water Act in 1972 set as the national objective the elimination of all discharges of pollutants 
into navigable waters. 

There has taken place an interesting and important evolution of attitudes over the last two 
decades, one in which environmentalists and legislators have come to accept a more 
constructive role for the economic analysis of environmental problems. This shift in perspective 
has, I believe, several sources: the failure to make as much progress on the environmental 
front as had been hoped, with the realization that part of this failure has been the result of 
relatively ineffective policies, a gradual increase in the level of understanding and sophistication 
in many parts of the environmental policy-making community, and simply a generally more 
sympathetic stance towards decentralized, market-oriented approaches to policy. The current 
age is one in which market forces are getting a good press, with serious interest in, and 
receptivity to, the use of market forces for the soluticn of social problems. The notion of 
harnessing profit incentives on behalf of environmental protection has (as it should) a good 
deal of appeal. And this has manifested itself explicitly in the policy arena. In the United 
States, the 1990 Amendments to the Clean Air Act introduce a nationwide system of tradeable 
discharge permits for the regulation of sulphur emissions to address the problem of acid rain. 
In Europe, there are new forms of ‘Green Taxes’ being discussed and introduced as 
mechanisms for environmental management. Economic analysis and economic incentives for 
pollution control are coming to play an important role in the design and implementation of 
environmental policy. 

The objective of this volume is to assemble a collection of key papers in the field of 
environmental economics to provide a ‘working collection’ for scholars, graduate students 
and policy analysts in the field. This, incidentally, represents something of a shift from the 
initial vision of the book. At the outset, Edward Elgar and I thought in terms of reprinting 
the seminal papers in environmental and natural resource economics — a collection of the 
‘classics’. Such a volume would have provided a useful reference consisting of the original 
sources in the field. However, in the course of the evolution of this volume, a change in 
its orientation took place, a change that has involved a narrowing of its scope in one way 
and a broadening in another. 

First, we decided to narrow the coverage in terms of subject matter. This volume is NOW 
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limited to the field of environmental economics; the major papers in natural resource economics 
(dealing with the economics of renewable and non-renewable resources) will appear in another 
volume edited by Geoffrey Heal of Columbia University. 

Second, the scope of the collection has been broadened to include not just the ‘classics’, 
but a number of more recent papers that are on the current frontiers of research in 
environmental economics. Indeed, one such paper was published only last year. The volume 
thus incorporates both the early seminal papers in environmental economics and a selection 
of recent pieces making important contributions, both theoretical and empirical, to the economic 
analysis of environmental problems. This will expose the reader both to the original sources 
of environmental economics and to the flavour and direction of ongoing research. Finally, 
I have included several papers that I think are extremely useful pedagogical vehicles for some 
of the basic ideas in the field. 

For purposes of this volume, then, I have chosen to distinguish environmental economics 
from its close cousin, natural resource economics. The division between the two fields is 
admittedly a little fuzzy in places. But I take natural resource economics to address as its 
central concern the intertemporal allocation of renewable and non-renewable resources. With 
its origins in the seminal paper by Harold Hotelling in 1931, the theory of natural resource 
economics typically applies dynamic control methods of analysis to problems of intertemporal 
resource usage. This has led to a vast literature on such topics as the management of fisheries, 
forests, minerals and energy resources. In contrast, I take the province of environmental 
economics to encompass two major issues: the regulation of polluting activities and the 
valuation of environmental amenities. 

The collection is organized in the following way. After an overview in Part I provided 
by the famous Ayres-Kneese paper on the relationship between the environment and the 
economy, the volume turns to the ‘pure theory’ of environmental policy. Part II thus consists 
of papers addressing the economic theory of externalities and its formal policy implications. 
These studies develop the basic economic logic of environmental regulation and extend it 
to a setting of uncertainty. 

Part III brings us closer to the actual design and implementation of policy measures, for 
it is a big step from theorems on the blackboard to the determination of real policy. These 
papers start us down this road by exploring the range of available policy instruments in a 
setting where environmental targets are given (perhaps by existing legislation). In this context, 
the problem is that of designing policy measures to achieve predetermined environmental 
objectives. The papers in this section explore alternative policy instruments, offer some 
empirical findings on their likely effectiveness, and describe and assess our experience with 
incentive-based policies for environmental management. 

Part IV turns to the important issue of measuring the benefits and costs of environmental 
amenities. Environmental programmes have become expensive: many countries are now 
expending on the order of 2 per cent of their GDP on environmental protection, and these 
expenditure shares are likely to grow. This places a high premium on ‘getting things right’. 
We need to know both what benefits we obtain from pollution control and what it costs. Such 
information does not come easily. Many of the benefits from environmental protection take 
the form of health amenities: reduced illness and lowered mortality. It is a delicate as well 
as conceptually difficult matter to produce estimates of such benefits in monetary terms. 
Moreover, other benefits may take an aesthetic form; these likewise present formidable 
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measurement problems. Finally, there is a whole category of so-called ‘non-use benefits’ 
that individuals derive from simply knowing that certain environmental amenities exist, even 
though they may never make use of them. 

Environmental economists have devised a number of techniques for the estimation of such 
benefits. In some instances, market behaviour can provide either direct or indirect clues as 
to what people are willing to pay for improved environmental quality. The premium, for 
example, that a house in an area with relatively clean air commands over a similar residence 
in a location with dirtier air can provide an indication of the monetary value that people place 
on reduced air pollution. In other instances, for non-use values for example, researchers have 
turned to ‘contingent valuation’ methods by which they ask respondents for their willingness- 
to-pay for specified improvements to the environment. There has been much progress in the 
development of reliable procedures for eliciting sensible and usable responses on valuation 
directly from individuals. Part IV, in sum, presents a collection of papers that explore different 
approaches to determining individuals’ willingness-to-pay for environmental amenities. In 
addition, the article by Hazilla and Kopp offers a rigorous treatment of the measurement 
of the costs of environmental programmes. 

Part V turns to the issue of enforcement. Using the literature on tax evasion and enforcement 
as a point of departure, several environmental economists have provided some important 
insights into the way polluters are likely to respond to imperfectly enforceable policies and 
how the environmental authority might best frame such policies to obtain widespread 
compliance. The enforcement literature offers some promising ideas for the design of an 
effective structure of penalties to induce sources to comply with environmental regulations. 

In the last section, I have slipped into the fuzzy intersection between environmental and 
natural resource economics to include three major papers on the issue of conservation. In 
the course of selecting items for inclusion in this volume, I asked a group of environmental 
and resource economists to list what they saw as the most important, seminal articles in the 
field. Interestingly, the Arrow-Fisher paper on environmental preservation was the most 
frequently cited piece. It appears here along with two earlier papers that explicitly address 
the issue of preservation in the light of the irreversibility of certain forms of environmental 
degradation. 

I hope that this collection of essays will be helpful both to individuals working in the field 
and also to those coming into environmental economics by providing access to the major 
papers in a systematic way; the collection will take the reader through the seminal articles 
in the field and provide a taste of some of the recent and ongoing research. In this regard, 
I might call attention to a comprehensive survey paper (“Environmental Economics: A Survey’) 
that my colleague, Maureen Cropper, and I have written and that is scheduled to appear in 
the June 1992 issue of the Journal of Economic Literature. This survey provides a useful 
companion piece to the contributions in this volume by placing individual papers in the context 
of the broader field of environmental economics. 

Finally, I want to thank Edward and Sandy Elgar for their encouragement and support 
in this enterprise and for their more general interest in the economics of the environment. 
This interest manifests itself in a series, New Horizons in Environmental Economics, that 
I am editing for the Elgars and that will make available new and significant contributions 
to the economic analysis of the environment. 
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Part I 
Environmental Economics: 
An Overview 


[1] 


Production, Consumption, and 
Externalities 


By RoBert U. AyRES AND ALLEN V. KNEESE* 


“For all that, welfare economics can no 
more reach conclusions applicable to 
the real world without some knowl- 
edge of the real world than can positive 
economics” [21]. 


Despite tremendous public and govern- 
mental concern with problems such as 
environmental pollution, there has been a 
tendency in the economics literature to 
view externalities as exceptional cases. 
They may distort the allocation of re- 
sources but can be dealt with adequately 
through simple ad hoc arrangements. To 
quote Pigou: 


When it was urged above, that in certain 
industries a wrong amount of resources 
is being invested because the value of 
the marginal social net product there 
differs from the value of the marginal 
private net product, it was tacitly as- 
sumed that in the main body of indus- 
tries these two values are equal [22]. 


And Scitovsky, after having described his 
cases two and four which deal with tech- 
nological externalities affecting consumers 
and producers respectively, says: 


The second case seems exceptional, be- 
cause most instances of it can be and 
usually are eliminated by zoning ord- 


* The authors are respectively visiting scholar and 
director, Quality of the Environment Program, Re- 
sources for the Future, Inc. We are indebted to our 
colleagues Blair Bower, Orris Herfindahl, Charles Howe, 
John Krutilla, and Robert Steinberg for comments on 
an earlier draft. We have also benefited from comments 
by James Buchanan, Paul Davidson, Robert Dorfman, 
Otto Eckstein, Myrick Freeman, Mason Gaffney, 
Lester Lave, Herbert. Mohring, and Gordon Tullock. 

1 Even Baumol who saw externalities as a rather per- 
vasive feature of the economy tends to discuss external 
diseconomies like ‘smoke nuisance”’ entirely in terms 
of particular examples [3]. A perspective more like that 
of the present paper is found in Kapp [16]. 
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nances and industrial regulations con- 
cerned with public health and safety. 
The fourth case seems unimportant, 
simply because examples of it seem to be 
few and exceptional [25]. 


We believe that at least one class of 
externalities—those associated with the 
disposal of residuals resulting from the con- 
sumption and production process—must 
be viewed quite differently.? They are a 
normal, indeed, inevitable part of these 
processes. Their economic significance 
tends to increase as economic development 
proceeds, and the ability of the ambient 
environment to receive and assimilate 
them is an important natural resource of 
increasing value.’ We will argue below that 


2 We by no means wish to imply that this is the only 
important class of externalities associated with produc- 
tion and consumption. Also, we do not wish to imply 
that there has been a lack of theoretical attention to the 
externalities problem. In fact, the past few years have 
seen the publication of several excellent articles which 
have gone far toward systematizing definitions and 
illuminating certain policy issues. Of special note are 
Coase [9], Davis and Whinston [12], Buchanan and 
Stubblebine [6], and Turvey [27]. However, all these 
contributions deal with externality as a comparatively 
minor aberration from Pareto optimality in competitive 
markets and focus upon externalities between two 
parties. Mishan, after a careful review of the Jiterature, 
has commented on this as follows: “The form in which 
external effects have been presented in the literature is 
that of partial equilibrium analysis; a situation in which 
a single industry produces an equilibrium output, 
usually under conditions of perfect competition, some 
form of intervention being required in order to induce 
the industry to produce an “ideal” or “optimal” output. 
If the point is not made explicitly, it is tacitly under- 
stood that unless the rest of the economy remains or- 
ganized in conformity with optimum conditions, one 
runs smack into Second Best problems” [21]. 

1 That external diseconomies are integrally related 
to economic development and increasing congestion 
has been noted in passing in the Jiterature. Mishan has 
commented: “The attention given to external effects in 
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the common failure to recognize these facts 
may result from viewing the production 
and consumption processes in a manner 
that is somewhat at variance with the 
fundamental law of conservation of mass. 

Modern welfare economics concludes 
that if (1) preference orderings of con- 
sumers and production functions of pro- 
ducers are independent and their shapes 
appropriately constrained, (2) consumers 
maximize utility subject to given income 
and price parameters, and (3) producers 
maximize profits subject to the price 
parameters; a set of prices exists such that 
no individual can be made better off with- 
out making some other individual worse 
off. For a given distribution of income this 
is an efficient state. Given certain further 
assumptions concerning the structure of 
markets, this “Pareto optimum” can be 
achieved via a pricing mechanism and 
voluntary decentralized exchange. 

If waste assimilative capacity of the 
environment is scarce, the decentralized 
voluntary exchange process cannot be free 
of uncompensated technological external 
diseconomies unless (1) all inputs are fully 
converted into outputs, with no unwanted 
material residuals along the way,‘ and all 
final outputs are utterly destroyed in the 
process of consumption, or (2) property 
rights are so arranged that all relevant 
environmental attributes are in private 
ownership and these rights are exchanged 
in competitive markets, Neither of these 
conditions can be expected to hold in an 
actual economy and they do not. 


the recent literature is, I think, fully justified by the 
unfortunate, albeit inescapable, fact that as societies 
grow in material wealth, the incidence of these effects 
grows rapidly...” [21]; and Buchanan and Tullock 
have stated that as economic development proceeds, 
“congestion” tends to replace “co-operation” as the 
underlying motive force behind collective action, ice., 
controlling external diseconomies tends to become more 
important than cooperation to realize external econ- 
omies {7}. 

“Or any residuals which occur must be stored on the 
producer’s premises. 


Nature does not permit the destruction 
of matter except by annihilation with anti- 
matter, and the means of disposal of un- 
wanted residuals which maximizes the 
internal return of decentralized decision 
units is by discharge to the environment, 
principally, watercourses and the atmo- 
sphere. Water and air are traditionally 
examples of free goods in economics. But 
in reality, in developed economies they are 
common property resources of great and 
increasing value presenting society with 
important and difficult allocation problems 
which exchange in private markets cannot 
resolve. These problems loom larger as 
increased population and industrial pro- 
duction put more pressure on the environ- 
ment’s ability to dilute and chemically 
degrade waste products. Only the crudest 
estimates of present external costs associ- 
ated with residuals discharge exist but it 
would not be surprising if these costs were 
in the tens of billions of dollars annually.® 
Moreover, as we shall emphasize again, 
technological means for processing or 
purifying one or another type of waste dis- 
charge do not destroy the residuals but 
only alter their form. Thus, given the 
level, patterns, and technology of produc- 
tion and consumption, recycle of materials 
into productive uses or discharge into an 
alternative medium are the only general 
options for protecting a particular en- 
vironmental medium such as water. Re- 
sidual problems must be seen in a broad 
regional or economy-wide context rather 


*It is interesting to compare this with estimates of 
the cost of another well known misallocation of re- 
sources that has occupied a central place in economic 
theory and research. In 1954, Harberger published an 
estimate of the welfare cost of monopoly which in- 
dicated that it amounted to about .07 percent of GNP 
{15}. In a later study, Schwartzman calculated the al- 
locative cost at only .01 percent of GNP [24]. Leiben- 
stein generalized studies such as these to the statement 
that “... in a great many instances the amount to be 
gained by increasing allocative efficiency is trivial...” 
[19]. But Leibenstein did not consider the allocative 
costs associated with environmental pollution. 
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than as separate and isolated problems of 
disposal of gas, liquid, and solid wastes. 
Frank Knight perhaps provides a key to 
why these elementary facts have played so 
small a role in economic theorizing and 
empirical research. 
The next heading to be mentioned ties 
up with the question of dimensions from 
another angle, and relates to the second 
main error mentioned earlier as con- 
nected with taking food and eating as 
the type of economic activity. The basic 
economic magnitude (value or utility) 
is service, not good. It is inherently a 
stream or flow in time... [18].¢ 


Almost all of standard economic theory 
is in reality concerned with services. Mate- 
rial objects are merely the vehicles which 
carry some of these services, and they are 
exchanged because of consumer preferences 
for the services associated with their use or 
because they can help to add value in the 
manufacturing process. Yet we persist in 
referring to the “final consumption” of 
goods as though material objects such as 
fuels, materials, and finished goods some- 
how disappeared into the void—a practice 
which was comparatively harmless so long 
as air and water were almost literally free 
goods.” Of course, residuals from both the 
production and consumption processes 
remain and they usually render disservices 
(like killing fish, increasing the difficulty 
of water treatment, reducing public health, 
soiling and deteriorating buildings, etc.) 
rather than services. Control efforts are 
aimed at eliminating or reducing those dis- 
services which flow to consumers and pro- 


© The point was also clearly made by Visher: ‘The 
only true method, in our view, is to regard uniformly as 
income the service of a dwelling to its owner (shelter or 
money rental), the service of a piano (musicj, and the 
service of food (nourishment) ...” (emphasis in orig- 
inal) [14]. 

? We are tempted to suggest that the word consump- 
tion be dropped entirely from the cconomist’s vocabu- 
lary as being basically deceptive. It is diMicult to think 
of a suitable substitute, however. At least, the word 
consumption should not be used in connection with 
goods, but only with regard to services or flows of “util- 
ity.2 


ducers whether they want them or not and 
which, except in unusual cases, they can- 
not control by engaging in individual 
exchanges.® 


I, The Flow of Materials 


To elaborate on these points, we find it 
useful initially to view environmental 
pollution and its control as a materials 
balance problem for the entire economy.° 
The inputs to the system are fuels, foods, 
and raw materials which are partly con- 
verted into final goods and partly become 
waste residuals. Except for increases in 
inventory, final goods also ultimately 
enter the waste stream. Thus goods which 
are “consumed”’ really only render certain 
services. Their material substance remains 
in existence and must either be reused or 
discharged to the ambient environment. 

In an economy which is closed (no im- 
ports or exports) and where there is no 
net accumulation of stocks (plant, equip- 
ment, inventories, consumer durables, or 
residential buildings), the amount of 
residuals inserted into the natural environ- 
ment must be approximately equal to the 
weight of basic fuels, food, and raw mate- 
rials entering the processing and produc- 
tion system, plus oxygen taken from the 
atmosphere.’® This result, while obvious 


® There is a substantial literature dealing with the 
question of under what conditions individual exchanges 
can optimally control technological external disecon- 
omies. A discussion.of this literature, as it relates to 
waterborne residuals, is found in Kneese and Bower 
[17]. 

9 As far as we know, the idea of applying materials 
balance concepts to waste disposal problems was first 
expressed by Smith [26]. We also benefitted from an 
unpublished paper by Joseph Headley in which a pollu- 
tion “matrix” is suggested. We have also found ref- 
erences by Boulding to a “spaceship economy” sug- 
gestive [4]. One of the authors has previously used a 
similar approach in ecological studies of nutrient inter- 
change among plants and animals; see [1]. 

10 To simplify our language, we will not repeat this 
essential qualification at each opportunity, but as- 
sume it applies throughout the following discussion. In 
addition, we must include residuals such as NO and 
NO; arising from reactions between components of the 
air itself but occurring as combustion by-products. 
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Figure 1.—MatTegiAts Flow 


upon reflection, leads to the, at first rather 
surprising, corollary that residuals dis- 
posal involves a greater tonnage of mate- 
rials than basic materials processing, al- 
though many of the residuals, being gas- 
eous, require no physical “handling.” 
Figure 1 shows a materials flow of the 
type we have in mind in greater detail and 
relates it to a broad classification of eco- 
nomic sectors for convenience in our later 
discussion, and for general consistency 
with the Standard Industrial Classifica- 
tion. In an open (regional or national) 
economy, it would be necessary to add 
flows representing imports and exports. 
In an economy undergoing stock or capital 
accumulation, the production of residuals 
in any yviven year would be less by that 
amount than the basic inputs. In the 
entire U.S. economy, accumulation ac- 
counts for about 10-15 percent of basic 
annual inputs, mostly in the form of 


construction materials, and there is some 
net importation of raw and partially pro- 
cessed materials amounting to 4 or 5 per- 
cent of domestic production. Table 1 shows 
estimates of the weight of raw materials 
produced in the United States in several 
recent years, plus net imports of raw and 
partially processed materials. 

Of the active inputs," perhaps three- 
quarters of the overall weight is eventually 
discharged to the atmosphere as carbon 
(combined with atmospheric oxygen in the 
form of CO or CO.) and hydrogen (com- 
bined with atmospheric oxygen as H,0) 
under current conditions. This results from 
combustion of fossil fuels and from animal 
respiration. Discharge of carbon dioxide 
can be considered harmless in the short 
run. ‘There are large “sinks” (in the form 
of vegetation and large water bodies, 


1 See footnote to Table 1. 
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Taste 1—WeicntT or Basic MATERIALS PRODUCTION 
IN THE UNITED States Pius Net Imrorts, 
1963 (108 tons) 


1963 | 1964 | 1965 


Agricultural (incl. fishery 


and wildlife and forest) 
products 
Crops (excl. live- 130 
Food stock feed) 
Livestock 102 

Other products 6 

Fishery 3 
Forestry products (85 per 

cent dry wt. basis) 

Sawlogs 56 

Pulpwood 120 

Other 42 

Total 459 
Mineral fuels 1,448 
Other minerals 

Iron ore 245 

Other metal ores 191 

Other nonmetals 149 

Total 585 
Grand total* 2,261 | 2,392 | 2,492 


* Excluding construction materials, stone, sand, 
gravel, and other minerals used for structural pur- 
poses, ballast, fillers, insulation, etc. Gangue and mine 
tailings are also excluded from this total. These ma- 
terials account for enormous tonnages but undergo es- 
sentially no chemical change. Hence, their use is more 
or less tantamount to physically moving them from one 
location to another. If this were to be included, there is 
no logical reason to exclude material shifted in highway 
cut and fill operations, harbor dredging, land-fill, plow- 
ing, and even silt moved by rivers. Since a line must be 
drawn somewhere, we chose to draw it as indicated 
above. 

Source: R. U. Ayres and A. V. Kneese [2, p. 630). 


mainly the oceans) which reabsorb this 
gas, although there is evidence of net ac- 
cumulation of CO, in the atmosphere. 
Some experts believe that the latter is 
likely to show a large relative increase, 
as much as SO per cent by the end of the 
century, possibly giving rise to significant 
—-and probably, on balance, adverse— 
weather changes.’? Thus continued com- 


12 See [30]. There is strong evidence that discharge of 
residuals has already affected the climate of individual 
cities; see Lowry [20}. 


bustion of fossil fuels at a high rate could 
produce externalities affecting the entire 
world. The effects associated with most 
residuals will normally be more confined, 
however, usually limited to regional air and 
water sheds. 

The remaining residuals are either gases 
(like carbon monoxide, nitrogen dioxide, 
and sulfur dioxide—all potentially harmful 
even in the short run), dry solids (like 
rubbish and scrap), or wet solids (like gar- 
bage, sewage, and industrial wastes sus- 
pended or dissolved in water). In a sense, 
the dry solids are an irreducible, limiting 
form of waste. By the application of appro- 
priate equipment and energy, most un- 
desirable substances can, in principle, be 
removed from water and air streams"— 
but what is left must be disposed of in solid 
form, transformed, or reused. Looking at 
the matter in this way clearly reveals a 
primary interdependence between the 
various waste streams which casts into 
doubt the traditional classification of air, 
water, and land pollution as individual 
categories for purposes of planning and 
control policy. 

Residuals do not necessarily have to be 
discharged to the environment. In many 
instances, it is possible to recycle them 
back into the productive system. The 
materials balance view underlines the fact 
that the throughput of new materials 
necessary to maintain a given level of 
production and consumption decreases as 
the technical efficiency of energy conver- 
sion and materials utilization increases. 
Similarly, other things being equal, the 
longer that cars, buildings, machinery, 
and other durables remain in service, the 
fewer new materials are required to com- 
pensate for loss, wear, and obsolescence— 
although the use of old or worn machinery 
(e.g., automobiles) tends to increase other 
residuals problems. Technically efficient 
combustion of (desulfurized) fossil fuels 


48 Except COs, which may be harmful in the long run, 
as noted. 
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would leave only water, ash, and carbon 
dioxide as residuals, while nuclear energy 
conversion need leave only negligible 
quantities of material residuals (although 
thermal pollution and radiation hazards 
cannot be dismissed by any means). 

Given the population, industrial produc- 
tion, and transport service in an economy 
(a regional rather than a national economy 
would normally be the relevant unit), it is 
possible to visualize combinations of social 
policy which could lead to quite different 
relative burdens placed on the various 
residuals-receiving environmental media; 
or, given the possibilities for recycle and 
less residual-generating production pro- 
cesses, the overall burden to be placed 
upon the environment as a whole. To take 
one extreme, a region which went in 
heavily for electric space heating and wet 
scrubbing of stack gases (from steam 
plants and industries), which ground up 
its garbage and delivered it to the sewers 
and then discharged the raw sewage to 
watercourses, would protect its air re- 
sources to an exceptional degree. But this 
would come at the sacrifice of placing a 
heavy residuals load upon water resources. 
On the other hand, a region which treated 
municipal and industrial waste water 
streams to a high level and relied heavily on 
the incineration of sludges and solid wastes 
would protect its water and land resources 
at the expense of discharging waste 
residuals predominantly to the air. Finally, 
a region which practiced high level re- 
covery and recycle of waste materials and 
fostered low residual production processes 
to a far reaching extent in each of the 
economic sectors might discharge very 
little residual waste to any of the environ- 
mental media. 

Further complexities are added by the 
fact that sometimes it is possible to modify 
an environmental medium through invest- 
ment in control facilities so as to improve 
its assimilative capacity. The clearest, but 
far from only, example is with respect to 


watercourseswhere reservoir storage can be 
used to augment low river flows that ordi- 
narily are associated with critical pollution 
(high external cost situations). Thus 
internalization of external costs associated 
with particular discharges, by means of 
taxes or other restrictions, even if done 
perfectly, cannot guarantee Pareto opti- 
mality. Investments involving public good 
aspects must enter into an optimal solu- 
tion.'® 

To recapitulate our main points briefly: 
(1) Technological external diseconomies 
are not freakish anomalies in the processes 
of production and consumption but an 
inherent and normal part of them. (2) 
These external diseconomies are quantita- 
tively negligible in a low-population or 
economically undeveloped setting, but 
they become progressively (nonlinearly) 
more important as the population rises 
and the level of output increases (i.e., as 
the natural reservoirs of dilution and 
assimilative capacity become exhausted).'® 
(3) They cannot be properly dealt with by 
considering environmental media such as 
air and water in isolation. (4) Isolated and 
ad hoc taxes and other restrictions are not 
sufficient for their optimum control, al- 
though they are essential elements in a 
more systematic and coherent program of 
environmental quality management. (5) 
Public investment programs, particularly 
including transportation systems, sewage 
disposal, and river flow regulation, are 
intimately related to the amounts and 


4 Careful empirical work has shown that this tech- 
nique can fit efficiently into water quality management 
systems. See Davis [11]. 

%* A discussion of the theory of such public invest- 
ments with respect to water quality management is 
found in Boyd {5}. 

° Externalities associated with residuals discharge 
may appear only at certain threshold values which are 
relevant only at some stage of economic development 
and industrial and population concentrations. This may 
account for their general treatment as “exceptional” 
cases in the economics literature. These threshold values 


truly were exceptional cases for less developed econ- 
omies. 
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effects of residuals and must be planned in 
light of them. : 

It is important to develop not only 
improved measures of the external costs 
resulting from differing concentrations 
and duration of residuals in the environ- 
ment but more systematic methods for 
forecasting emissions of external-cost-pro- 
ducing residuals, technical and economic 
trade-offs between them, and the effects of 
recycle on environmental quality. 

In the hope of contributing to this effort 
and of revealing more clearly the types of 
information which would be needed to 
implement such a program, we set forth a 
more formal model of the materials balance 
approach in the following sections and 
telate it to some conventional economic 
models of production and consumption, 
The main objective is to make some prog- 
ress toward defining a system in which 
flows of services and materials are simul- 
taneously accounted for and related to 
welfare. 


Il. Basic Model 


The take off point for our discussion is 
the Walras-Cassel general equilibrium 
model,!” extended to include intermediate 
consumption, which involve the following 
quantities: 


resources and services 


17 The original references are Walras [28] and Cassel 
[8]. Our own treatment is largely based on Dorfman 


et al, [13]. 


The M basic resources are allocated among 
the NW sectors as follows: 


ry = aXy+ ayXeo+ --- + awXy 
Yo = de1X1 + anXo+ +--+ + donXn 


tm = €Mm1X1+ am2X2+ +--+: + aunXy 
(1a) or 


N 
rp= )  OnXs 


k=l 


f= Tae 


In (1a) we have implicitly assumed that 
there is no possibility of factor or process 
substitution and no joint production. 
These conditions will be discussed later. 
In matrix notation we can write: 


(1b) [rst]ar.a = [oylorw:[Xualwy 


where [a] isan MXN matrix. 

A similar set of equations describes the 
relations between commodity production 
and final demand: 


N 
(2a) PX, = SAY 


l=1 


(2b) [Xalwa = [Audyyw-[Yalwis 
and the matrix [A] is given by 
(3) be, ae 


where [J] is the unit diagonal matrix and 
the elements Cj; of the matrix [C] are 
essentially the well known Leontief input 
coefficients. In principle these are functions 
of the existing technology and, therefore, 
are fixed for any given situation. 

By combining (1) and (2), we obtain a 
set of equations relating resource inputs 
directly to final demand, viz., 


N N N 
Me) Dy Aj DS AnY, = Ds an AnYi 
k= m1 kyl=t 


(4a) 


N 
SOD e 


11 


jHi,-+:,M 


or, of course, in matrix notation (4b). 
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We can also impute the prices of N 
intermediate goods and commodities to the 


(4b) 
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TLyl rh 
service 
, (units) 
1M r, 
becomes 


prices of the M basic resources, as follows: 
M 


(5a) pe = Dy odin 


j=1 
(Sb) [pucliin = [ois)iar: [bse]ac.v 

To complete the system, it may be 
supposed that demand and supply rela- 
tionships are given, a priori, by Pareto- 
type preference functions: 


k=1,---,N 


(6) Demand: Y, = Fi(pi, >: , pw) 
k=1,---, N 
(7) Supply: r, = Gy(v1, + + +. var) 
k= 1,.-=+, M 


where, of course, the p; are functions of the 
vj as in (5b), 

In order to interpret the X’s as physical 
production, it is necessary for the sake of 
consistency to arrange that outputs and 
inputs always balance, which implies that 
the C;; must comprise all materials ex- 
changes including residuals. To complete 
the system so that there is no net gain or 
loss of physical substances, it is also con- 
venient to introduce two additional sec- 
tors, viz., an “environmental” sector 
whose (physical) output is Xo and a 
“final consumption” sector whose output 
is denoted X;. The system is then easily 
balanced by explicitly including flows both 
to and from these sectors. 

To implement this further modification 
of the Walras-Cassel model, it is conven- 
ient to subdivide and relabel the resource 
category into tangible raw materials {r™} 
and services {r*}: 


,. 1 m 


Tr) 
™m 
nr r2 ‘ 
: raw materials 
(units) 
m 
Be, TL 
becomes 


where, of course, 
(8) L+P=M 


It is understood that services, while not 
counted in tons, can be measured in 
meaningful units, such as man-days, with 
well defined prices. Thus, we similarly 
relabel the price variables as follows: 


Vi V; 
raw material 
(prices) 

Vr Vi 

becomes 

Viyi Ve 
labor and service 
(prices 

Var V> 


The coefficients {a,;}, {b:;} are similarly 
partitioned into two groups, 


m 

e.g., bj bi; 
™m 

br; br; 
becomes , 

bh+4,j 1j 

bay Un 


‘These notational changes have no effect 
whatever on the substance of the model, 
although the equations become somewhat 
more cumbersome, The partitioned matrix 
notation simplifies the restatement of the 
basic equations. Thus (1b) becomes (9), 
while (5b) becomes (10). 


Il 
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j=1 j=1 
2S 


pe = 


(11) prices imputed prices imputed 
to cost of raw to cost of 
materials services 


where k = 1,---,N 


We wish to focus attention explicitly on 
the flow of materials through the economy. 
By definition of the Leontief input coeff- 
cients (now related to materials flow), we 
have: 


CijX; (physical) quantity transferred 
from k toj 
CX quantity transferred from j to k 


Hence, material flows from the environ- 
ment to all other sectors are given by: 


N L oa L WN ps3 
Dd CuXe = Dots = Dy D anXe 


kel j=l j=l k=l 
(12) Bite 
=>) 2, bel s 
Jnl k=l 


using equation (1), as modified.’* Obvi- 


18 Ignoring, for convenience, any materials flow from 
the environment directly to the final consumption sector. 


ously, comparing the first and third terms, 


ib m 
Dk 


Cox = 
(13) —————— —__*) ___ 
total material all raw materials 
flow (0 to k) (0 to k) 


Flows into and out of the environmental 
sector must be in balance: 


N 
>>: CorXe a sD CroX0 + CyroXo 
k=l k=l 
(14) ——~- ~ 


sum of all return 
(waste) flows 


sum of all raw 
material flows 


Material flows to and from the final sector 
must also balance: 


N 
Dy CurXy 


kewl 
sum of all 
final goods 


15 N 
ity) = CnXs + 


kel 


CyoXo 


eee, 
waste residuals 
(plus accumulation'®) 


pee te eee) 

sum of all 
materials 
recycled 


19 F'or convenience, we can treat accumulation in the 
final sector as a return flow to the environment. In 
truth, structures actually become part of our environ- 
ment, although certain disposal costs may be deferred. 
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Of course, by definition, X, is the sum of 
the final demands: 


N 
(16) X,= DY, 

j=1 
Substituting (16) into the left side of (15) 
and (2a) into the right side of (15), we 
obtain an expression for the waste flow 
in terms of final demands: 


N WN 
(17) CyXe = Dd (Cy = CyAa) Va 


jel k=1 


The treatment could be simplified 
slightly if we assumed that there is no 
recycling per se. Thus, in the context of the 
model, we could suppose that all residuals 
return to the environmental sector,?° 
where some of them (e.g., waste paper) 
become “raw materials.” They would 
then be indistinguishable from new raw 
materials, however, and price differentials 
between the two would be washed out. In 
principle, this is an important distinction 
to retain. 


III. Inclusion of Externalities 


The physical flow of materials between 
various intermediate (production) sectors 
and the final (consumption) sector tends to 
be accompanied by, and correlated with, a 
(reverse) flow of dollars.» However, the 
physical flow of materials from and back to 
the environment is only partly reflected by 
actual dollar flows, namely, land rents and 
payments for raw materials. There are 
three classes of physical exchange for 
which there exist no counterpart economic 
transactions. These are: (1) private use for 
production inputs of ‘common property” 
resources, notably air, streams, lakes, and 
the ocean; (2) private use of the assimila- 


* In calculating actual quantities, we would (by con- 
vention) ignore the weight of oxygen taken free from 
the atmosphere in combustion and return as CO?. How- 
ever, such inputs will be treated explicitly later. 

"To be. precise, the dollar flow governs and is 
governed by a combined flow of materials and services 
(value added). 


tive capacity of the environment to “dis- 
pose of” or dilute wastes and residuals; (3) 
inadvertent or unwanted material inputs 
to productive processes—diluents and 
pollutants. 

All these goods (or “bads”’) are physi- 
cally transferred at zero price, not because 
they are not scarce relative to demand— 
they often are in developed economies— 
or because they confer no service or dis- 
service on the user—since they demon- 
strably do so—but because there exist no 
social institutions that permit the resources 
in question to be “owned,” and exchanged 
in the market. 

The allocation of resources correspond- 
ing to a Pareto optimum cannot be at- 
tained without subjecting the above-men- 
tioned nonmarket and involuntary ex- 
changes to the moderation of a market ora 
surrogate thereof. In principle, the influ- 
ence of a market might be simulated, toa 
first approximation, by introducing a set of 
shadow (or virtual) prices. These may 
well be zero, where supply truly exceeds 
demand, or negative (i.e., costs) in some 
instances; they will be positive in others, 
The exchanges are, of course, real. 

The Walras-Cassel model can be gene- 
ralized to handle these effects in the follow- 
ing way: 

1. One can introduce a set of R common- 
property resources or services of raw 
materials {r?, -- +, 7%} asa subset of the 
set {r;}; these will have corresponding 
virtual prices {v7}, which would consti- 
tute an “income” from the environment. 
Such resources include the atmosphere; 
streams, lakes, and oceans; landscape; 
wildlife and biological diversity; and the 
indispensable assimilative capacity of the 
environment (its ability to accept and 
neutralize or recycle residuals).% 

* A similar concept exists in mechanics where the 
forces producing “reaction” (to balance action and re- 
action) are commonly described as “virtual forces.” 

% Economists have previously suggested generaliza- 


tion of the Walras-Cassel model to take account of 
public goods. One of the earliest appears to be Schles- 
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2. One can introduce a set of S environ- 
mental disservices imposed on consumers 
of material resources, by forcing them to 
‘accept unwanted inputs {rj,---, rv} 
(pollutants, contaminants, etc.); these 
disservices would have negative value, 
giving rise to negative virtual prices {«,;}.%4 

The matrix coefficients {a,;} and {b,;} 
can be further partitioned to take account 
of this additional refinement, and equa- 
tions analogous to (9), (10), and (11) can 
be generalized in the obvious way. Equa- 
tion (6) carries over unchanged, but (7) 
must be appropriately generalized to take 
account of the altered situation. Actually, 
(7) breaks up into several groups of equa- 
tions: 


Se Ae 
(18) rk (Pr pw) 
Le SE, AG 
(19) re = GilPi,* ++, pw) 
[ap cat peas cee 24 


However, as we have noted at the outset, 
the supplies of common-property resources 
and environmental services or disservices 
are not regulated directly by market 
prices of other goods and services. In the 
case of common-property resources, the 
supplies are simply constants fixed by 
nature or otherwise determined by acci- 
dent or noneconomic factors. 

The total value of these services per- 
formed by the environment cannot be 


inger [23]. We are indebted to Otto Eckstein for calling 
our attention to this key reference. 

% The notion of introducing the possibility of nega- 
tive prices in general equilibrium theory has apparently 
been discussed before, although we are not aware of 
any systematic development of the idea in the published 
literature. In this connection, it is worth pointing out 
the underlying similarity of negative prices and ef- 
fluent taxes—which have been, and still are being con- 
sidered as an attractive alternative to subsidies and 
federal standard-setting as a means of controlling air 
and water pollution. Such taxes would, of course, be an 
explicit attempt to rectify an imbalance caused by a 
market failure. 


calculated but it is suggestive to consider 
the situation if the natural reservoir of air, 
water, mincrals, etc., were very much 
smaller, as if the earth were a submarine 
or “spaceship” (i.e., a vehicle with no 
assimilative and/or regenerative capacity). 
In such a case, all material resources would 
have to be recycled,” and the cost of all 
goods would necessarily reflect the cost of 
reprocessing residuals and wastes for 
reuse. In this case, incidentally, the am- 
bient level of unrecovered wastes con- 
tinuously circulating through the resource 
inventory of the system (i.e., the space- 
ship) would in general be nonzero because 
of the difficulty of 100 percent efficient 
waste-removal of air and water. However, 
although the quantitity of waste products 
in constant circulation may fluctuate 
within limits, it cannot be allowed to 
increase monotonically with time, which 
means that as much material must be 
recycled, on the average, as is discarded. 
The value of common resources plus the 
assimilation services performed by the 
environment, then, is only indirectly a 
function of the ambient level of untreated 
residuals per se, or the disutility caused 
thereby, which depend on the cost effi- 
ciency of the available treatment tech- 
nology. Be this as it may, of course, the 
bill of goods produced in a spaceship 
economy would certainly be radically 
different from that we are familiar with. 
For this reason, no standard economic 
comparison between the two situations is 
meaningful. The measure of worth we are 
seeking is actually the difference between 
the total welfare ‘‘produced”’ by a space- 
ship economy, where 100 percent of all 
residuals are promptly recycled, vis-a-vis 
the existing welfare output on earth, where 
resource inventories are substantial and 


% Any consistent deviation from this 100 per cent 
rule implies an accumulation of waste products, on the 
average, which, by definition, is inconsistent with main- 
taining an equilibrium. 
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complete recycling need not be con- 
templated for a very long time to come. 

This welfare difference might well be 
very large, although we possess no meth- 
odological tools for quantifying it. In any 
case, the resource inventory and assimila- 
tive capacity of the environment probably 
contribute very considerably to our stan- 
dard of living. 

If these environmental contributions 
were paid for, the overall effect on prices 
would presumably to be push them 
generally upward. However, the major 
differential effect of undervaluing the 
environmental contribution is that goods 
produced by high residual-producing pro- 
cesses, such as papermaking, are sub- 
stantially underpriced vis-d-vis goods 
which involve more economical uses of 
basic resources. This is, however, not 
socially disadvantageous per se: that is, it 
causes no misallocation of resources unless, 
or until, the large resource inventory 
and/or the assimilative capacity of the 
environment are used up. When this 
happens, however, as it now has in most 
highly industrialized regions, either a 
market must be allowed to operate or some 
other form of decision rule must be intro- 
duced to permit a rational choice to be 
made, e.g., between curtailing or con- 
trolling the production of residuals or 
tolerating the effects (disservice) thereof. 

It appears that the natural inventory of 
most common resources used as inputs 
(e.g., air as an input to combustion and 
respiratory processes) is still ample,?° but 
the assimilative capacity of the environ- 
ment has already been exceeded in many 
areas, with important external costs re- 
sulting. This suggests a compromise treat- 


* Water is an exception in arid regions; in humid re- 
gions, however, water “shortages” are misnomers; they 
are really consequences of excessive use of water- 
courses as cheap means of waste disposal. But some 
ecologists have claimed that oxygen depletion may be a 
very serious long-run problem; see Cole [10]. 


ment. If an appropriate price could be 
charged to the producers of the residuals 
and used to compensate the inadvertent 
recipients—with the price determined by 
appropriate Pareto preference criteria— 
there would be no particular analytic pur- 
pose in keeping books on the exchange of 
the other environmental benefits men- 
tioned, although they are quantitatively 
massive. We will, therefore, in the remain- 
der of the discussion omit the common- 
property variables {r?} and the corre- 
sponding virtual-price variables {v7} de- 
fined previously, retaining only the terms 
{r¥} and {wj.}. The variable {r/} repre- 
sents a physical quantity of the jth un- 
wanted input. There are S such terms, by 
assumption, whose magnitudes are propor- 
tional to the levels of consumption of basic 
raw materials, subject to the existing 
technology. However, residuals production 
is not immutable: it can be increased or 
decreased by investment, changes in ma- 
terials processing technology, raw material 
substitutions, and so forth. 

At first glance it might seem entirely 
reasonable to assert that the supplies of 
unwanted residuals received will be func- 
tions of the (negative) prices (i.e., com- 
pensation) paid for them, in analogy with 
(7). Unfortunately, this assertion im- 
mediately introduces a theoretical difh- 
culty, since the assumption of unique coe- 
ficients {a;;} and {C,;}27 is not consistent 
with the possibility of factor or process 
substitution or joint-production, as stated 
earlier. To permit such substitutions, one 
would have to envision a very large collec- 
tion of alternative sets of coefficients: one 
complete set of a’s and C’s for each specific 
combination of factors and processes. Max- 
imization of any objective function (such 
as GNP) would involve solving the entire 
system of equations as many times as 
there are combinations of factors and pro- 


7 Or {bis} and {4\;}. 
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cesses, and picking out that set of solutions 
which yields the largest value. Alterna- 
tively, if the a’s and C’s are assumed to be 
continuously variable functions (of each 
other), the objective function could also, 
presumably, be parameterized. However, 
as long as the a’s and C’s are uniquely 
given, the supply of the &th unwanted 
residual is only marginally under the con- 
trol of the producer, since it will be pro- 
duced in strict relationship to the composi- 
tion of the bill of final goods { Y;}. 

Hence, for the present model it is only 

correct to assume 
(20) re = Gil V1, +++, Vw) 
This limitation does not affect the exis- 
tence of an equilibrium solution for the 
system of equations; it merely means that 
the shadow prices {x;,} which would 
emerge from such a solution for given 
coefficients {a,;}, {i}, and {C,;} might 
_ be considerably higher than the real 
economic optimum, since the latter could 
only be achieved by introducing factor 
and process changes. 

Of course, the physical inputs are also 
related to the physical outputs of goods, 
as in (21). 

Written out in full detail (21) is equivalent 
to: 


N N 
m m _m 
raw re = Do anjXy = Doings V i 
(22) materials jal jel 
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technical ry = D, anjsXy = by Vj 
(23) services j=l j=l 
| Fe TORR 2 
u NY u NV u 
unwanted =, = D> ayXy = >> bay Vj 
(24) inputs AS pat 
Siow a 


where, of course, 
(25) L+P4+S=M 
The corresponding matrix equation for 


the prices of goods, in terms of production 
costs, is 


[p1, +++, pw] = [om ot: uO om 
(26) be 


bv 
Written out in the standard form, we 
obtain 
a mm 
Pe = DY dix 


P 
eee Ly 
j=l f=1 
eee 
cost of labor 
and technical 


services 


ei ae 
cost of raw 
materials 


8 
+ binds 
(27) 2 bt 


cost (compensa- 
tion) for pro- 
viding environ- 
mental disser- 
vices 
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Evidently, the coefficients bj, are em- 
pirically determined by the structure of 
the regional economy and its geography. 
It is assumed that a single overall (nega- 
tive) price for each residual has meaning, 
even though each productive sector—and 
even each consumer—has his own indi- 
vidual utility function. Much the same 
assumption is conventionally made, and 
accepted, in the case of positive real prices. 

All of the additional variables now fit 
into the general framework of the original 
Walras-Cassel analysis, Indeed, we have 
2N+2M—1 variables (r;, V;, pi, 0:) (allow- 
ing an arbitrary normalization factor for 
the price level) and 2N-+2M-—1 indepen- 
dent equations.”® If solutions exist for the 
Walras-Cassel system of equations, the 
arguments presumably continue to hold 
true for the generalized model. In any 
case, a discussion of such mathematical 
questions would carry us too far from our 
main theme. 


IV. Concluding Comments 


The limited economics literature cur- 
rently available which is devoted to en- 
vironmental pollution problems has gen- 
erally taken a partial equilibrium view of 
the matter, as well as treated the pollution 
of particular environmental media, such 
as air and water, as separate problems.?® 
This no doubt reflects the propensity of the 
theoretical literature to view externalities 
as exceptional and minor. Clearly, the 
partial equilibrium approach in particular 
is very convenient theoretically and em- 
pirically for it permits external damage 
and control cost functions to be defined 
for each particular case without reference 
to broader interrelationships and adjust- 
ments in the economy. 


*% There is one redundant equation in the system, 
which expresses the identity between gross product and 
gross income for the system as a whole (sometimes 
called ‘‘Walras law’’). 

9 See, for example, the essays in Wolozin (29). 


We have argued in this paper that the 
production of residuals is an inherent and 
general part of the production and con- 
sumption process and, moreover, that 
there are important trade-offs between 
the gaseous, liquid, or solid forms that these 
residuals may take. Further, we have 
argued that under conditions of intensive 
economic and population development the 
environmental media which can receive 
and assimilate residual wastes are not free 
goods but natural resources of great value 
with respect to which voluntary exchange 
cannot operate because of their common 
property characteristics. We have also 
noted, in passing, that the assimilative 
capacity of environmental media can 
sometimes be altered and that therefore 
the problem of achieving Pareto optimality 
reaches beyond devising appropriate 
shadow prices and involves the planning 
and execution of investments with public 
goods aspects. 

We have exhibited a formal mathemati- 
cal framework for tracing residuals flows 
in the economy and related it to the gen- 
eral equilibrium model of resources allo- 
cation, altered to accommodate recycle 
and containing unpriced sectors to repre- 
sent the environment. This formulation, 
in contrast to the usual partial equilibrium 
treatments, implies knowledge of all pref- 
erence and production functions including 
relations between residuals discharge and 
external cost and all possible factor and 
process substitutions, While we feel that 
it represents reality with greater fidelity 
than the usual view, it also implies a cen- 
tral planning problem of impossible dif- 
ficulty, both from the standpoint of data 
collection and computation. 

What, if any, help can the general inter- 
dependency approach we have outlined 
offer in dealing with pollution problems 
effectively and reasonably efficiently? A 
minimal contribution is its warning that 
partial equilibrium approaches, while more 
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tractable, may lead to serious errors. Sec- 
ond, in projecting waste residuals for 
an economy—a regional economy would 
usually be the most relevant for planning 
and control—the inter-industry materials 
flow model can provide a much more con- 
ceptually satisfying and accurate tool for 
projecting future residuals production 
than the normal aggregative extrapola- 
tions.® The latter not only treat gaseous, 
liquid, and solid wastes separately, but do 
not take account of input-output relations 
and the fact that the materials account for 
the region must balance. 

We think that in the next few years it 
will be possible to make improved regional 
projections of residuals along the lines 
sketched above. Undoubtedly, there will 
also be further progress in empirically 
estimating external costs associated with 
residuals discharge and in estimating con- 
trol costs via various alternative measures. 
On the basis of this kind of information, 
a control policy can be devised. However, 
this approach will still be partial. Interre- 
lations between the regional and national 
economy must be treated simplistically 
and to be manageable, the analysis must 
confine itself to a specific projected bill 
of goods. 

The basic practical question which re- 
mains to be answered is whether an iter- 
ated series of partial equilibrium treat- 
ments—c.g., focusing on one industry or 

‘region at a time, celeris paribus—would 
converge toward the general equilibrium 

30 Some efforts to implement these concepts are al- 
ready underway. Walter Isard and his associates have 
prepared an input-output table for Philadelphia waich 
includes coefficients representing waterborne wastes 
(unpublished). The recent study of waste management 
in the New York Metropolitan region by the Regional 
Plan Association took a relatively broad view of the 
waste residuals problem [31]. Relevant data on several 
industries are being gathered. Richard Frankel’s not 
yet published study of thermal power in which the 
range of technical options for controlling residuals, and 
their costs, is being explored is notable in this regard. 
His and other salient studies are described in Ayres 
and Kneese [2]. 


solution, or not. We know of no theoretical 
test of convergence which would be applic- 
able in this case but, in the absence of such 
a criterion, would be willing to admit the 
possible relevance of an empirical sensi- 
tivity test more or less along the following 
lines: take a major residuals-producing 
industry (such as electric power) and para- 
metrize its cost structure in terms of emis- 
sion control levels, allowing all technically 
feasible permutations of factor (fuel) in- 
puts and processes. It would be a straight- 
forward, but complicated, operations re- 
search problem to determine the minimum 
cost solution as a function of the assumed 
(negative) price of the residuals produced. 
If possible industry patterns—factor and 
process combinations—exist which would 
permit a high level of emission control at 
only a small increase in power production 
cost, then it might be possible to conclude 
that for a significant range of (negative) 
residuals prices the effect on power prices 
—and therefore on the rest of the economy 
—would not be great. Such a conclusion 
would support the convergence hypothesis. 
If, on the other hand, electric power prices 
are very sensitive to residuals prices, then 
one would at least have to undertake a 
deeper study of consumer preference func- 
tions to try to determine what residuals 
prices would actually be if a market mech- 
anism existed. If people prove to have a 
strong antipathy to soot and sulfur diox- 
ide, for instance, resulting in a high (nega- 
tive) price for these unwanted inputs, then 
one would be forced to suspect that the 
partial equilibrium approach is probably 
not convergent to the general equilibrium 
solution and that much more elaborate 
forms of analysis will be required. 
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On Taxation and the Control 
of Externalities 


By Wit.iam J. BAuMOoL* 


It is ironic that just at the moment when 
the Pigouvian tradition has some hope of 
acceptance in application it should find 
itself under a cloud in the theoretical lit- 
erature. James Buchanan has argued that 
its recommended taxes and subsidies may 
even increase resource misallocation in the 
presence of monopoly. Otto Davis and 
Andrew Whinston (1962) have, in effect, 
raised doubts about its applicability in the 
presence of oligopoly. And Ronald Coase 
has asserted that the tradition has not 
selected the correct taxation principle for 
the elimination of externalities, and may 
not even have chosen the right individuals 
to tax or to subsidize. In this paper I will 
suggest that these authors have led the 
discussion in our profession to focus on the 
wrong difficulties. In doing so they have, 
albeit inadvertently, drawn attention 
away from some of the most important 
limitations of the Pigouvian prescription 
as an instrument of policy and from con- 


* Professor of economics, Princeton University and 
New York University. I would like to express my grati- 
tude to the National Science Foundation whose as 
sistance helped materially in the completion of the paper 
and to my colleagues James Litvack, Wallace Oates, and 
David Bradford, to my students Mark Gaudry and 
Bryan Boulier, and to Peter Bohm, James Buchanan, 
Ronald Coase, Karl-Géran Miler, Herbert Mohring, 
and Ralph Turvey who have given me many very help- 
ful suygresions, and saved me from a number of serious 
errors. Mohring and J. Hayden Boyd have written an 
extremely illuminating paper dealing, among other rele- 
vant matters, with the portions of the Coase-Buchanan- 
Turvey arguments in the case where the polluters and 
their victims ‘‘can and do negotiate.” Since the present 
paper concerns itself only with the “relevant” large 
numbers case where there is no negotiation, it delib- 
erately makes no attempt to consider the interesting 
negotiation case examined so helpfully by Mohring 
and Boyd. 
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sideration of the means that might prove 
effective in practice. 

The main purpose of the paper is to 
show that, taken on its own grounds, the 
conclusions of the Pigouvian tradition are, 
in fact, impeccable. Despite the various 
criticisms that have been raised against 
it in the large numbers case, which is of 
primary importance in reality and_ to 
which Pigou’s analysis directs itself, his 
tax-subsidy programs are generally those 
required for an optimal allocation of re- 
sources. Moreover, | will attempt to show 
that where an externality is (like the usual 
pollution problem) of the public goods 
variety, neither compensation to nor 
taxation of those who are affected by it is 
compatible with optimal resource alloca- 
tion. Pigouvian taxes (subsidies) upon the 
generator of the externality are all that is 
required. 

However, as is well known, the Pigou- 
vian proposals suffer from a number of 
serious shortcomings as operational cri- 
teria when one secks to implement them 
precisely as they emerge from the theory. 
1 therefore discuss a modified approach 
that itself more for its 
promise of effectiveness, than its theoret- 
ical nicety. It consists of two basic steps: 
the setting of standards, more or less 
arbitrarily, of levels of pollution, conges- 
tion and the like, that are considered to be 
tolerable, and the design of taxes and 
effluent charges whose rates are shown by 
experience to be sufficient to achieve the 
selected standards of acceptability. Such a 
system of charges will, at least in prin- 
ciple, effect any preselected reduction in, 
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say, the pollution content of our rivers, at 
minimum cost to society. It automatically 
achieves an efficient allocation of the re- 
quired reduction in emissions among the 
offending firms ever if they are neither pure 
compelilors nor profil maximizers. ‘Thus, 
a persuasive case can be made for the use 
of faxes and subsidies to control external 
ties, even Hf they will not produce an op- 
timal allocation of resources in the com- 
plex world of reality. 


I. The Coase Argument in the Case 
Without Negotiation 


Recommendations designed for the com- 
petitive case can clearly run into dif- 
ficulties in the presence of monopolistic 
clements. Buchanan reminds us that, if a 
polluting monopolistic industry already 
restricts the outputs of its products below 
their competitive levels, the imposition 
of an effluent charge to restrict output 
still further is hardly likely to be appro- 
priate. And Davis and Whinston (1962) 
show for the case of externalities under 
oligopoly that it is rather diflicult to come 
up with an ideal set of taxes since in the 
small numbers case just about anything 
is possible by way of pricing and output 
levels. However, these arguments have 
little direct bearing on the Pigouvian 
analysis because it is couched entirely in 
terms of pure competition (on this see 
Stanislaw Wellicz’ illuminating  discus- 
sion), which, in view of the large numbers 
involved in virtually all of the externalities 
problems that worry us today, is entirely 
apropos. 

Coase’s arguments, buttressed by im- 
pressive legal erudition, are less casily 
dealt with, He offers us a number of il- 
luminating observations, among them the 
interesting point (sce his Section TLV) that 
(in the relatively unimportant cases) where 
only a small number of decision makers is 
involved, a process cof voluntary bargain- 
ing and side payments among those con- 


cerned by an externality may produce an 
optimal allocation of resources, even in the 
absence of liability for damage. This im- 
plics that where small numbers are in- 
volved, the imposition of a “corrective” 
Pigouvian tax may be too much of a good 
thing, it can misallocation 
rather than climinatinge 1. 

Coase suggests, however, that even in 
cases where there is no negotiation among 
the parties affected by an externality the 
Pigouvian taxes and subsidies may be the 
wrong remedy —that they may only mod- 
ify the character of the misallocation of 
resources. Coase’s central argument ap- 
pears to be the following: Every social 
cost is inherently reciprocal in nature. The 
nearby residents who breathe smoke 
spewn by a factory must share with the 
management of the factory the respon- 
sibility for the resulting social cost. ‘True, 
if the factory were closed up the social 
cost would disappear. But the same holds 
for its neighbors--were they to move 
away no one would suffer smoke nuisance. 
Put another way, just as the smoke 
emitted by the factory imposes at least a 
psychic cost on its neighbors, the latter's 
insistence on the installation of purifica- 
tion devices or a reduction in the pollu- 
tion-producing activity imposes a cost on 
the factory. 

This position, though at first glance very 
odd (the murder victim too, is then always 
an accessory to the crime), grows more 
persuasive as one considers it further. 
Coase does not raise the issue as a matter 
of distributive justice. Rather, he suggests, 
because of the reciprocal structure of the 
externality, the traditional taxes and sub- 
sidies are likely to lead to a misallocation 
of resources.' If it is socially less costly to 


produce a 


' Thus Coase starts out with 


... the case of a confectioner, the noise and vibrations 
from whose machinery disturbed a doctor in his work. 
To avoid harming the doctor would inflict harm on [be 
costly to] the confectioner. The problem posed by this 
case was essentially whether it was worthwhile, as a 
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remove the neighbors from the vicinity of 
the factory than to reduce the quantity 
of pollutants emitted by the plant (taking 
into account the location preferences of 
the current residents), surely the former is 
the course of action which is more desir- 
able socially. 

In that case, should not a tax sometimes 
be levied, at least in part on those who 
choose to live near the factory rather than 
upon the factory owners?? Otherwise might 
not too many persons be induced to move 
near the factory thus, incidentally, in- 
creasing the magnitude of the Pigouvian 
tax since the social damage caused by the 
smoke must then rise correspondingly? 

A simple model shows readily that, prop- 
erly stated, the prescription of the Pigou- 
vian tradition is (at least formally) cor- 
rect. An appropriately chosen tax, levied 
only on the factory (without payment of 


result of restricting the methods of production which 
could be used by the confectioner, to secure more doc- 
toring at the cost of a reduced supply of confectionery 
products. [Section IT, p. 2] 

2 Tf the factory owner is to be made to pay a tax equal 
to the damage caused, it would clearly be desirable to 
institute a double tax system and to make residents of 
the district pay an amount equal to the additional cost 
incurred by the factory owner (or the consumers of his 
products) in order to avoid the damage. [Coase, Section 
IX, p. 41] An even stronger statement on this subject 
occurs in Buchanan and Stubblebine (Section IIT): 


... full Pareto equilibrium can never be attained via the 
imposition of unilaterally imposed taxes and subsidies 
until all marginal externalities are eliminated. If a tax 

-subsidy method, rather than ‘trade,’ is to be introduced, 
it should involve bi-lateral taxes (subsidies). Not only 
must B’s behavior be modified so as to insure that he 
will take the costs externally imposed on A into account, 
but A’s behavior must be modified so as to insure that 
he will take the costs ‘internally’ imposed on B into 
account. {italics added] 


However, in a recent letter Buchanan commented: 


In my own thinking . . . I did not ever think of this sort 
of [double] tax at all, and it would have surely seemed 
bizarre to me to suggest that taxes be levied on both the 
factory and the laundries. What we were proposing was 
the Wicksellian public-goods approach. Suppose that 
existing property rights allow the factory to put out the 
smoke... There is a public goods problem here; the 
residents geet together, impose a tax on themseluey bo 
subsidize the factory to install the smoke prevention 
device. 


compensation to local residents) is pre- 
cisely what is needed for optimal resource 
allocation under pure competition. No tax 
on nearby residents is required or, taken in 
real terms, is even compatible with op- 
timal resource allocation. ‘Thus the ob- 
vious and apparently common interpreta- 
tion of the Coase position is simply invalid. 
We will see, however, that the issue Coase 
himself intended to raise was rather more 
subtle and his conclusions are not neces- 
sarily at variance with the Pigouvian 
prescription as I interpret it. 


II. Analysis: Should the Victims of 
Externalities be Taxed or Compensated? 


‘To formalize the argument we construct 
an elementary general equilibrium model 
designed to represent in most explicit form 
the conditions envisioned in the Coase 
argument, departing from it only by an 
assumption of universal perfect competi- 
tion, including thereby the critical stip- 
ulation that costs of negotiated and vol- 
untary control of externalities are pro- 
hibitive. In addition, we adopt the sim- 
plifying premises that there is only one 
scarce resource, labor, and that the ex- 
ternality (smoke) only affects the cost of 
production of neighboring laundries, rather 
than causing disutility for consumers. It 
is easy to show (see for example, fn. 5) 
that neither of these simplifications, nor 
the assumption that there are only four 
activities, affects the substance of the dis- 
cussion. We utilize the following notation: 
Ilene 

%1, X2,-¥%, and a, be the outputs of the 


economy’s four activities, I, If, II, 
and IV 


R be the total supply of the labor re- 
source available 


x, be the unused quantity of labor 
(which is assumed to be utilized as 


leisure) 
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xi; be the quantity of x; consumed by 
individual 7 G=1,..., SY “G=h 
. |, mH) 


Ps, Po Pa, ps, and ps be the prices of the 
four outputs and leisure 


u,(%1;,- +--+, %6)) be the utility function 
of individual 7, and 


63(%1), €2(%1, X2), Ca(xs) and c4(x4) be the 
respective total labor cost functions 
for our four outputs 


Here x; is an output whose production 
imposes external costs on the manufacture 
of a2 (say, industry II is the oft-cited 
laundry industry whose costs are increased 
by I's smoke). To permit the full range of 
Coase’s alternatives (moving of the fac- 
tory’s neighbors and climination of smoke 
by the factory), each of these two products 
is taken to have a perfect substitute. The 
substitute for x; is x; whose production 
yields no externalities, but whose cost is 
different (presumably higher) than that 
of 4;. We may think of commodity III as 
identical with I, but produced in a factory 
equipped with smoke elimination equip- 
ment. Similarly, industry IV is taken to 
offer the same output as IL but its opera- 
tions have been relocated (at a cost) in 
order to avoid the effects of the externali- 
ties. Thus, by changing the ratio between 
x, and a, the model can relocate as much 
of the laundry output as is desired. 

All prices are expressed in terms of hours 
of labor so that, identically, 


(1) Po = 1 


* Since product Hf is a perfect substitute for product 
Tand product FV is a perfect substitute for product I, 
the utility function for individual 7 can be written as 
1 (X1)-F 3), X2y4-X4y, ¥5,). This is, of course, a special case 
of the more general utility function utilized in the text, 
and as the reader can verify, the conclusions are totally 
unaffected by the use of the particular form of the utility 
function just described. : 


Pareto optimality then requires maxi- 
mization of the utility of any arbitrarily 
chosen individual, say m, subject to the 
requirement that there be no loss in utility 
to any of the m—1 other persons, i.e., 
given any feasible level for these other 
persons’ utility. Thus the problem is‘ to 
maximize 


ters (Xtras sere, ot *y Xm) 
subject to 
u;(x1;,.-- 4 Xsj) = &; (constant) 
G = 192, a6, a 
Do Mi = (pip? Sew 
Pal 


and the labor requirement (production 
function) constraint 


61(%y) + 2(x1, X2) + C3(25) af C4(x4) +a,=R 


We immediately obtain our Lagrangian 


L= Dy. dj [;(2x1;, silk i Py Sena k;] 
yb ee Lee) 


+ u[R — e1(x1) — c2(x1, x2) 
— G33), = Galt), — xs] 
where we may take \,,=1, &,.=0. 

We use the notation «;; to represent 
Ou;/Ax;; and cy to represent dc,;/Ox, (or 
dc;/dx,, where appropriate). 

Then, differentiating in turn with re- 
spect to the #;; and the x; we obtain the 
first-order conditions 
vy, = OU is nn 

Ce ee) 
0L/ox,; = — (C11 + C21) + 1 = 0 
OL/dx; SS ee Le + vy, = QO (i = Dye 35 4) 
OL axe = petro 


OL/dxi; = Ajujs — 


‘ Fora more sophisticated variant of this model, using 
the techniques of non-linear programming, see Robert 
Mever. 
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Now, from consumer equilibrium analysis, 
we know that for any two commodities, a 
and b, and any two prices, py and py, 
we have pa/po=Uju/ujp (J=1, > ++, m) or 
w;pi=u;; for all 7 and some a. 

Hence, juji=) opi, so that writing 
s;=A,w; the first of our first-order condi- 
tions becomes »;=s;p; for all individuals, 
j. Consequently the value of s; must equal 
the same number, s=y,/p, for every indi- 
dual, and that first equation of the first- 
order conditions now becomes simply 
vi=sp; for all 2. Substituting this expres- 
sion for v; into the other first-order condi- 
tions, we obtain 


Spy = ulcer + C21) 


Spi = MOY (i 7 “s 3, 4) 
(3) SPs = 5 = w since’ p; = 1 [by (1)] 
By (3) we may then divide through the 


preceding conditions by s=yp, and they 
therefore reduce Just to® 

fi = ¢n eCat 

Pe = 38 

Per—ness 

js 
Poi 


In other words, the optimal price for the 
externality-generating product is equal to 
the (Pareto optimal) level of its entire 


(4) 


5 The analysis can also take account of constraints on 
the availability of land at the relevant locations, which 
give rise to rents that equalize costs at all locations ac 
tually utilized. If S. and S, represent the availability of 
land near and away: from the factory, respectively, pre- 
sumably we would add to the labor constraint in the 
model the two additional land-use constraints ga(21, v2, V4 
+s54=S, and g(x) +5,=5,, with the quantities of 
unused land, s, and s, perhaps entering the utility func 
tions. [t then follows, justas before, that the equilibrium 
conditions are now py=Cii4-C2+ pakar; P2=C22+ pakar; 
Pa= Cast Paka; Pa= Cast Poser; Ps=15 Pa=pa/m; pu=pu/w; 
where pa and p, are the Lagrange multipliers for the new 
constraints and py and py are the (labor) prices of land 
at the two locations. Our previous conclusions are, thus, 
totally unaffected. Only the smoke producer’s product 
sells for more than its marginal private cost of labor 
plus land. 


25 
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social® marginal cost, ¢4:-+-¢2, while the op- 
timal price for any item, 7, which generates 
no externalitics is simply its marginal 
private cost, ¢;;. ‘To obtain these prices in 
our world of pure competition, one need 
merely levy an excise tax on item I equal 
to cx (labor hours) dollars per unit, just 
as the Pigouvian tradition requires. As- 
suming the appropriate concavity-con- 
vexity conditions hold, this will auto- 
matically satisfy the necessary and _ suf- 
ficient conditions for the Pareto optimal 
output levels.?7 In the competitive case, 
where negotiation is impractical, that is 
all there is to the matter. The generaliza- 
tion to the case of » outputs, each of them 
imposing externalities on a number of the 
others, is immediate. 

It is important to observe that, the 
solution calls for netther taxes upon xX», the 
neighboring laundry output, nor compensa- 
tion lo that industry for the damage it 
sulfers. 

One way to look at the reason is that 
our model (and the pollution model in gen- 
eral) refers to the important case of public 
externalities. The laundry whose output is 

6 The social cost is not ¢2 alone but is the sum of the 
private and the external costs together (see the illum- 
inating terminological discussion by D. W. Pearce and 
Stanley Sturmey). Note that the tax, implicitly, is a tax 
on smoke nota tax on vy, the output of the smoke pro- 
duciay industry. For ifs is the quantity of smoke and / 
the unit tax we may write /= c= (0c2/ds) (ds /dx,) and 
obviously the firm can reduce its tax rate by decreasing 
the second of these terms, the smokiness of its product. 
This point has been emphasized by Charles Plott, who 
showed that a fixed ix per unit of vy) might even con- 
ceivably increase s, if s were an inferior input. 

7 Moreover, measured in real terms this is the only: 
tax arrangement that satisties the optimality require- 
ments, neglecting the possibility of a lump sum tax or 
subsidy which docs not affect the marginal conditions. 
I. Trenery Dolbear has shown that it is generally not 
possible to find an optimal tay rate that compensates 
fully those who suffer the effects of the externality. Since 
ho compensation is paid to industry HH, the solution that 
is derived here does not run into Dolbear’s problem. 
Wealso do not run into the problem of a multiplicity of 
solutions corresponding. to the various points on Dol- 
bears contract curve because we are dealing with a 
world of pure Competition with a given initial distribu 


tion. 
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damaged by smoky air does not, by an in- 
crease in its own output, make the air 
cleaner or dirtier for others. As with all 
public goods, an increase in one user’s con- 
sumption does not reduce the available 
supply to others.* Hence, the appropriate 
price (compensation) to a user of a public 
good (victim of a public externality) is 
zero except, of course, for lump sum pay- 
ments. Thus, perhaps, rather than saying 
there is no price that will yield an optimal 
quantity of a public good (externality), it 
may be more illuminating to say that a 
double price is required: a nonzero price 
(tax) to the supplier of the good, and a 
zero price to the consumer. Of course, no 
ordinary price can do this job, but a 
Pigouvian tax, without compensation to 
those affected by an externality, can in- 
deed do the trick. 


II. What Prevents an Excessive 
Influx of Neighbors? 


When only smoke emission is taxed, 
with the tax level based on the magnitude 
of a2, nearby laundry output, what will 
prevent too many laundries from moving 


* Tn his discussion of these matters Coase seems at one 
point to skate awfully close to an error analogous to the 
confusion between pecuniary and technological exter- 
nalities. Ile writes (section [X): 

The tax that would be imposed would . . . increase with 
an increase in the number of those in the vicinity... 
But people deciding to establish themselves in the vicin- 
ity of the factory will not take into account [the result- 
ing] fall in the value of production which result(s from 
their presence. ‘Vhis failure to take into account costs 
imposed on others is comparable to the action of a 
factory-owner in not taking account the harm resulting 
from his emission of smoke. {[p. 42] 


This is analogous to the argument that where the supply 
curve of labor is rising an increase in output by firm A 
must produce externalities, by raising B’s labor costs. 
But, of course, this merely represents a transfer from B 
to his workers and is not a real net cost to society. Mor 
that reason, as is well known, pecuniary externalities 
do not lead to resource misallocation. Like a price 
change, the variation in taxes constitutes a pecuniary 
externality. Both have real consequences but they are 
merely “movements along” the production and utility 
functions, L¢., any given vector of inputs will be able 
to produce the same outputs as before the change in tax 
rates, and any vector of output levels will still be able 
to yield the same utility levels. 


near the smoky factory? The answer is 
that, when the tax on the externality 
producer is set properly, the externalities 
themselves keep down the size of the 
nearby population. Morcover, the level of 
the tax will control both the magnitude of 
smoke emission and thereby (indirectly), 
the size of the nearby population. A high 
tax rate will discourage smoke and hence 
encourage migration into the neighbor- 
hood. A low tax rate will encourage smoke 
and, hence, drive residents away. A tax on 
smoke alone is all that is needed to con- 
trol the magnitudes of both variables. That 
is why, as shown by the mathematics of 
the preceding section, just a tax on the 
smoke producer is sufficient to produce an 
optimal allocation of resources among all 
the activities in our model.’ 

A diagram may help to make the point 
clearer. Figure 1 shows the response of our 
two industries’ outputs to a change in the 
tax rate on the polluting industry, I. We 
see that as the tax rate varies, industry 
I’s output response follows the curve KR’. 
Thus, if the tax level is ¢, the output of in- 
dustry IT will be a. But, because of the 
externalities, the output of industry [1, in 
turn, reacts to the output of I. This rela- 
tionship is described by reaction curve 
PP’, With #1=21. we sce that r2=2»,. 

‘The tax rate on Il can vary all the way 
from ¢=0, yielding output combination 
(410, X29), to a prohibitive tax rate, /,, that 
drives | out of business altogether, so that 
#1=0 and #2=%2,. Obviously, the ratio 
41/2 then decreases monotonically as the 
tax rate increases and, assuming continuity, 
there will be some intermediate tax rate 
at which the two activities will be in 
balance. The tax will keep a, in check 
while the external cost imposed by x; on 
industry IT will keep x2 to the right rela- 
tive level. There is no need for a separate 
tax on IT to achieve this goal. 


“See the Appendix for a discussion of an argument by 
Buchanan and Stubblebine which is related to Coase’s. 
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In order for this arrangement to work it 
is clearly necessary that the laundries mot 
be compensated (at the margin) for the 
smoke damage they suffer. If they received 
in compensation an amount which varied 
with the magnitude of the smoke damage, 
that externality would not restrict the 
level of laundry activity near the factory. 
If the laundry operators’ smoke costs were 
offset by damage compensation payments, 
obviously they would lose the economic in- 
centive to eschew the vicinity of the 
smoky factory’ and then Coase’s tax on 
laundries would indeed be required to keep 
them away. But then the tax would be 
needed only to sop up the compensation 
payments which should never have been 
given in the first place. 


IV. Multiple Local Maxima 
in the Coase Model 


Coase’s discussion is, however, right in 
pointing out the possibility that the econ- 


10 Of course, as smoke cost increases in the neighbor 
hood of the factory, rents will fall to some extent and 
serve as partial compensation to the laundries. However, 
this does not change the analysis fundamentally. It is 
analogous to the case of rise in the price of an input 
which, as is well known, will tend to reduce the output 
of competitive firms, even though prices of o(her comple 
mentary inputs fall as a result. As the discussion of foot 
note 5 shows, explicit consideration of the price of land 
does not change the character of the solution, 


omy may make the wrong choice between 
smoke elimination and laundry relocation: 
however the source of the problem, a 
multiplicity of local maxima, does not 
emerge clearly. Coase writes: 


Assume that a factory which emits 
smoke is set up in a district previously 
free from smoke pollution, causing dam- 
age valued at $100 per annum. Assume 
that the taxation solution is adopted 
and that the factory owner is taxed $100 
per annum as Jong as the factory emits 
the smoke. Assume further that a 
smoke-preventing device costing $90 
per annum to run is available. In these 
circumstances, the smoke-preventing 
device would be installed. 

... Yet the position achieved may not 
be optimal. Suppose that those who suf- 
fer the damage could avoid it by moving 
to other locations or by taking various 
precautions which would cost them, or 
be equivalent to a loss in income of, $40 
per annum. Then there would be a gain 
in the value of production of $50 if the 
factory continued to emit its smoke and 
those now in the district moved else- 
where or made other adjustments to 
avoid the damage. {Section IX] 


One curious feature of this example is its 
assumption that while smoke damage is 
$100, the cost of moving to other locations 
is only $40. Under these circumstances one 
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may well wonder why people living near 
the factory do not just move elsewhere on 
their own initiative. Moreover, this may 
not simply be a matter of the numbers he 
happens to have chosen. The problem 
arises whenever the cost of moving away 
from the factory is less than the cost of 
climination of the smoke, which in turn is 
less than the cost of the smoke damage, as 
the logic of Coase’s example requires, 

It is perhaps more important to recog- 
nize that the example presents us with a 
choice between (at least) two local op- 
tima. As will be argued later, a multiplicity 
of maxima is generally rendered more 
likely by the presence of externalities so 
that this issue is not a pecularity of 
Coase’s illustrations. The first of the two 
local optima in Coase’s example (call it 
solution A) involves zero smoke emission 
and a full complement of residents near 
the factory. In the second optimum (solu- 
tion B) no one remains in residence next 
to the factory and there is no restriction in 
smoke emission by the plant. Assuming 
that the (undesirable) initial position is 
the only other possibility, as Coase seems 
to suggest, which of these two will in fact 
be the global optimum depends on the 
cost of moving everyone away (m dollars) 
and the cost of elimination of the smoke 
(s dollars). 

Assume with Coase that the initial cost 
of smoke damage is $100, that s<100, 
but that s<m so that it is cheaper to 
eliminate the smoke than to move the 
factory’s neighbors. In this case, A is ob- 
viously the optimal solution. Since in- 
habitants surround the plant, and smoke 
emission, — by 
changed 


assumption, cannot — be 
by small amounts, the incre- 
mental social damage of an increase in 
smoke emission is $100. Thus the correct 
Pigouvian tax is $100 and, since s<100, 
with such a tax it will pay the factory to 
do the right thing by society-—to install 
the smoke climinator. 


Now assume instead that m<s< 100 (it 
is cheaper to move people than to stop 
the smoke). This time B is the optimal 
solution, and since under B no one lives 
near the factory, the incremental cost of 
smoke is clearly zero. Therefore the proper 
Pigouvian tax is zero, a value that in- 
duces the factory to continue smoking, 
and its neighbors will find it advantageous 
(since 100> m) to exit (coughing) from the 
arca. Thus the zero Pigouvian tax value 
automatically satisfies the requirements 
of solution B when B is optimal just as the 
$100 Pigouvian tax leads to solution A 
when A is optimal. 

Of course, if B happens to be the true 
global optimum and society mistakenly 
imposes the $100 Pigouvian tax appro- 
priate for (local) optimum A, the economy 
may well end up with the inferior equi- 
librium A. This is the usual difficulty one 
encounters whenever there is a multiplic- 
ity of maxima, a problem that Pigou so 
clearly recognized (pp. 140, 224). 


V. Departures from the Optimum and 
Adjustments in the Tax 


If there is a departure from the optimal 
solution, for whatever reason, the value of 
the Pigouvian tax need not change. If, for 
example, B is the global optimum so that 
the optimal tax is zero, that tax need not 
be increased if a few (misguided) indivi- 
duals choose to move back near the fac- 
tory so that additional smoke now incurs 
(say) $50 in damage. Af the optimal solu- 
tion the marginal cost of smoke is zero, 
and the equilibrium Pigouvian tax remains 
zero - it does not increase to $50. 

Here we have arrived at the issue which, 
| now understand, was really Coase’s main 
point in the portion of his article we are 
considering. He writes in a letter: 


... Let us assume your optimum tax is 
imposed. Now suppose that A estab- 
lishes himself near the plant which pro- 
duces the damaging emissions and thus 
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increases the amount of damage. Would 
your tax increase? My guess is that it 
would not (certainly if your tax system 
is right it should not). The tax system I 
was attacking was one which would in 
these circumstances, automatically lead 
to an increase in the tax as the damage 
increased. 


This point is, surely, quite different from 
the issue he is usually interpreted to have 
raised (see the quotations in fn. 1, above, 
which suggest how the “usual interpreta- 
tion” arose). It is, however, not incon- 
sistent with the optimal solution derived 
in the previous section nor is it inconsistent 
with what I take to be the Pigouvian 
tradition. 

But even on this issue Coase’s strictures 
are not necessarily valid. Suppose that a 
regulator, having no way of calculating 
the optimal values of the Pigouvian tax is, 
however, able to determine the value of 
any marginal social damage at any point 
in time. [aut de mieux he therefore sets a 
tax rate equal to current marginal social 
damage on the smoke producer. This 
causes him to reduce his smoke, and so 
brings more laundries into the neighbor- 
hood. The tax is then readjusted to equal 
the new (higher) value of damage per puff 
of smoke, more laundries move in, and so 
on. Will this process of trial and error ad- 
justments of the tax level, always setting 
_it equal to current marginal smoke dam- 
age, converge to the optimum of Section 
II? That is, will the sequence of tax values 
converge to the optimal Pigouvian tax 
level, and will resource allocation ap- 
proach optimality? That now scems to be 
Coase’s main question. 

Obviously, such a learning process al- 
ways involves wastes and irreversabilities, 
just like the process of convergence of 
competitive prices to their equilibrium 
values in the absence of externalities. But 
if we follow the usual practice of assuming 
away these costs, one can show that the 
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process may be expected to converge to 
the optimum, provided the equilibrium is 
unique and stable. That is, there is then 
nothing inherently different about grad- 
ually moving taxes and prices towards 
their equilibrium here, and the process of 
adjustinent toward competitive —equi- 
librium when there are no externalities. 

Specifically, letting s. represent the tax 
per unit on commodity 1 at time t, and 
G; be the 7th adjustment function we may 
set 


day / dle Gil pu — Ss - eu(an)| 
(yarn Gil pre = entree | 

dvajal = Gil Pa ~ c(va) | G@ = 3h) 
(6)5. = Car(Xn, Xn) pa = flan, .-. , Vee) 


and where, as usual, we take 


(7) 
(8) 


Going back to Section I1, when op- 
timality conditions (+) hold, we see by 
substituting them into (5) that all dx,/dt 
=(), i.e., (4) is indeed an equilibrium posi- 
tion for the dynamic system (5)~(8). Fur- 
thermore, any solution that does not 
satisfy (4) must involve at least one non- 
zero argument in the adjustment functions 
(5), and so no solution that fails to satisfy 
(4) can be an equilibrium. 

It follows that if the dynamic system 
(5)-(8) is stable, and the solution to (4) 
is unique, the process with taxes sct equal 
to current marginal damage and imposed 
only on the polluter will converge toward 
the optimum, One does not need to have 
calculated the optimal tax values from the 
beginning and stick to them. 

‘The reason this process of simultancous 


G0) = 0 


Ge) 


learning and adjustment does not work in 
Coase’s example is that it involves (at 
least) two local maxima, as we have al- 
ready noted. And in such a case, ob- 
viously, the adjustinent mechanism may 
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well take us to the wrong maximum. Un- 
fortunately, as we will sce presently, in the 
presence of externalities, a multiplicity of 
maxima is all too likely to be with us. 


VI. Implementation Problems 


Despite the validity in principle of the 
tax-subsidy approach of the Pigouvian 
tradition, in practice it suffers from serious 
difficulties. for we do not know how to 
estimate the magnitudes of the social costs, 
the data needed to implement the Pigou- 
vian tax-subsidy proposals. For example, 
a very substantial portion of the cost of 
pollution is psychic; and even if we knew 
how to evaluate the psychic cost to some 
one individual we seem to have little hope 
of dealing with effects so widely diffused 
through the population." 

This would not necessarily be very 
serious if one could hope to learn by ex- 
perience. One might try any plausible set 
of taxes and subsidies and then attempt, 
by a set of trial and error steps, to ap- 
proach the desired magnitudes. Unfor- 
tunately, convergence toward the desired 
solution by an iterative procedure of this 
sort requires some sort of measure of the 
improvement (Gf any) that has been 
achieved at each step so that the next trial 
step can be adjusted accordingly. But we 
do not know the socially optimal com- 
position of outputs, so we simply have no 
way of judging whether a given change in 
the trial tax values will even have moved 
matters in the right direction. 

1 For an excellent discussion of some of the work done 
in trying to implement Pigouvian taxes in practice, see 
Allen Kneese and Blair Bower, esp. ch. 6 and 8. The 
difficulty of determining the magnitude of the Pigouvian 
tax-subsidy level is one of Coase’s major points, one 
that seems often to be overlooked in discussions of his 
paper. Thus Coase writes in a letter, “Phe view L ex- 
pressed in my article was not that such an optimum tax 
system (levied solely on the damage producing firm) 
was inconceivable but that T could not see how the data 
on which it would have to be based could be assembled.” 
An interesting approach to application for the small 
numbers case that is hased on the decomposition prin- 


ciple of mathematical programming is presented by 
Davis and Whinston (1966). 


These difficulties are compounded by 
another characteristic of externalities 
which has already been mentioned—the 
likelihood that in the presence of externali- 
tics there will be a multiplicity of local 
maxima (see Richard Portes, D. A. 
Starrett, and Baumol). Consequently, even 
if an iterative process were possible it 
might only drive us toward a local maxi- 
mum, and may thus fail to take advantage 
of the really significant opportunities to 
improve economic welfare. 

A simple model in the spirit of that of 
Section Il can be used to show that the 
presence of “strong” externalities can be 
expected to produce a violation of the 
convexity conditions in whose absence one 
normally finds a multiplicity of local op- 
tima. 

Let us assume (to permit the use of a 
two-dimensional diagram) that there exist 
only the first two of our four activities 
(the smoky output, a1, and nearby 
laundry, x2), and that their respective cost 
functions are, as before, c(i) and 
Co(%1, X2). As a result, the equation of the 
production possibility locus is . 


1(¥1) ot o(%1, X2) =R 


lor convenience let us use & as a pa- 
rameter measuring the strength of the 
(marginal) externality.!? Assume first that 
there are diminishing returns (increasing 
costs) in the production of the two outputs, 
and that there are no marginal external 
effects so that k=O. (At the margin in- 
dustry I’s output produces no smoke or 
smoke is harmless to industry II.) In that 
case it is easy to show that the production 
possibility locus must satisfy dx3/dx? 
<0, ie., that the locus must assume the 
general shape AC)B in Figure 2 with the 
concavity property required by the second- 
order conditions. 

Now, suppose that the activity of in- 

" E.g., k may he interpreted as Ao/AxAN., i.e., the 


additional marginal resources cost of output 2 resulting 
from a unit increase in output 1. 
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FIGURE 2 


dustry I does produce some external 
damage (k>0O). What happens to the 
‘production possibility locus? First I will 
argue that neither of its end points, A or 
B, will normally be affected. At point B, 
laundry output, x», is zero. Hence, no mat- 
ter how much smoke is produced, there is 
no laundry output to be damaged, Point 
B is therefore invariant with the magni- 
tude of &. Similarly, at A, 
creating output is zero. Consequently, no 
matter how smoky the process of produc- 
ing output Il may be (no matter how large 
the value of &) the total smoke emitted 
will be (output x) -(smoke per unit of out- 
put)=0, since the first of these factors is 
zero. Thus the position of point A remains 
invariant with the magnitude of &. 

The effect on intermediate points such 
as Cy on the locus is quite different. As & in- 
creases it takes increasing quantities of 
resources to produce a given volume of 
laundry. Thus, with any fixed value of 
a1, say x;, as & increases, the quantity of 
laundry that can be turned out with a 
given quantity of resources, Kk, must de- 
cline. Point Cy will be pushed down to 
some lower point, Cy. With a still greater 
value of & it will be lowered still further. 
As smoke damage increases without limit 
it will take larger and larger quantities of 
resources to turn out a given quantity of 
laundry and eventually we approach a 


the smoke 


limit point y on the horizontal axis, at 
which it is no longer possible to produce 
clean clothes with any finite quantity of 
resources. 

Now draw in straight line segment AB 
whose position does not vary with & since 
neither A nor B does. It is clear that as 
k increases we will eventually come to 
some point Cy beyond which all remaining 
points in the»sequence Cij1, C.y2, .. . lie 
below AB. Beyond this point, obviously, 
the second-order conditions must be 
violated, as the production possibility 
curve approaches the axes, AOB. 

‘Thus we see that the presence of suf- 
ficiently strong detrimental externalities 
will generally produce a violation of the 
setond-order conditions. Only in the 
presence of insignificant externalities can 
one have any degree of confidence that 
the convexity conditions will hold.” 

It is easy to offer an intuitive reason 
indicating how the presence of exter- 
nalitics increases the likelihood of a mul- 
lipheity of maxima, a reason that suggests 
that the problem is very real and poten- 
tially very serious in practice. Where a 
particular activity reduces the efficiency 
of another it becomes plausible that the 
optimal level of that activity, at least at 
some particular locations, is zero, If there 
are one hundred possible locations for the 
plants of a smoke-producing industry the 
worst possible solution might be to place 
some plants in each candidate location, 
Any solution leaving at least some com- 
bination of smoke-free areas may be pref- 
erable, and may well constitute a local 
maximum, 

To make the point more concretely, 
suppose we are dealing with an island sep- 
arated by a ridge of mountains that pre- 


"The analysis can be extended to the case of nm ac- 
tivities and externalities that cnter utility as well as 
production functions. Phe analysis here contines itself 
to externalities producing inefliciencies on the produc 
tion side following a suggestion of Jacob Marschak that 
the argument is more persuasive if framed in these terms. 
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liGure 3 


vent smoke from going from one side to 
the other (igure 3). Let S, and S, be 
the volume of smoke-producing activity 
located on the two respective sides of the 
island, and Iet ?, and P, be the corre- 
sponding number of residents living there. 
Let SatS,=S and ?,+P,=P. Then, if 
the social cost of the smoke is great 
enough, there will obviously be at least 
two, local optimas( PvP, Pr=0, S, 0: 
oo) and (Pa=0, Py= PP, S.=S, S.=0). 
ior cither of these arrangements keeps the 
smoke and the people apart. This does not 
mean, of course, that the two solutions are 
equally desirable. If A offers great scenic 
attractions while B is closer to raw ma- 
terials we may expect the former of the 
two local maxima to be preferable. We 
cannot preclude the possibility of a third 
(interior) maximum, for once there is 
some industrial activity on each of the 
two sides of the island there may be some 
least cost distribution of people and in- 
dustrial activity. But we sce that we may 
well expect to encounter at least two local 
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maxima. With more separated locations 
and more sources of externalities the 
number of combinations of zcro-valucd 
variables that constitute local maxima 
may well grow astronomically. 

The presence of a number of local 
maxima clearly means that an “improve- 
ment” may merely represent a move 
toward some minor peak in the social wel- 
fare function and it can, therefore, im- 
pose serious opportunity losses on socicly. 
All in all, we are left with little reason for 
confidence in the applicability of the 
Pigouvian approach, literally interpreted. 
We do not know how to calculate the re- 
quired taxes and subsidies and we do not 
know how to approximate them by trial 
and error. 


VIL. An Alternative Approach—Adjustment 
of Taxes to Achieve Acceptable 
Externality Levels 


There is an alternative approach to the 
matter that seems perfectly natural. On 
issues as important as those we are dis- 
cussing, given the limited information at 
our disposal, it is perfectly reasonable to 
act on the basis of a set of minimum stan- 
dards of acceptability. If, say, we treat 
the sulphur content of the atmosphere as 
one of the outputs of the economic system, 
it is not unreasonable to select some maxi- 
mal level of this pollutant that is con- 
sidered satisfactory and to seek to de- 
termine a tax on the offending inputs or 
outputs capable of achieving the chosen 
standard. This is precisely the approach 
employed in the formulation of stabiliza- 
tion policy, where it is decided that an 
employment rate exceeding w percent and 
arate of inflation exceeding v percent per 
year are simply unacceptable, and fiscal 
and monetary measures are then designed 
accordingly." 


" As this discussion indicates, I join Wellicz in refus- 
ing to abandon externalities policy entirely to Little's 
“administrative decisions” (p. 184) or to Ralph ‘Tur- 
vey's “applied economist” (jp. 313). For further discus- 
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The advantages (as well as the limita- 
tions) of this approach are-clear—unlike 
the Pigouvian procedure, it promises to 
be operational because it requires far less 
information for its implementation. More- 
over, it utilizes global measures and avoids 
direct controls with all of their heavy ad- 
ministrative costs and their distortions of 
consumer choice and inefficiencies. It does 
not use the police and the courts as the 
prime instrument to achieve the desired 
modification of the outputs of the econ- 
omy. Its effects are long lasting, not de- 
pending on the vigor of an enforcement 
agency, which all too often proves to be 
highly transitory. Unlike most other mea- 
sures that have been proposed in the area 
it need not add to the mounting financial 
burdens of the state and local govern- 
ments. Finally, it can be shown that, un- 
like any system of direct controls, it 
promises, at least in principle, to achieve 
decreases in pollution or other types of 
damage to the environment at minimum 
cost to society.’® 


sion see Baumol and Wallace Oates. For an earlier pro- 
posal that is very similar in spirit, see John H. Dales, 
ch. 6. 

© This proposition has been suggested elsewhere (see, 
for example, Kneese and Bower, chs. 5 and 7; Larry 
Ruff, p. 79), and will be fairly obvious to anyone familiar 
with the analysis of the allocative effects of price changes 
and their efliciency properties. Specifically, suppose it 
is desired to reduce the pollution content of a river by 
k percent. Obviously a & percent reduction in the num- 
ber of gallons emitted by each of the plants discharging 
wastes into the river will generally not be the desired 
solution. The theorem in question then asserts the fol- 
lowing: 
Given the production of any desired vector of final outputs 
by the plants along the rtver, a tax per gallon of efficent 
sufficient lo reduce the overall pollution content of the river 
lo the desired level will automatically achieve Uns decrease 
al minimum total cost to all plants combined. 


The proof of the theorem is a straightforward exercise 
in constrained maximization (see Baumol and Oates). 
It works, of course, because the lower the marginal cost 
of reduction in pollution outflows of a particular plant, 
the larger the reductions it will pay it to undertake to 
avoid the corresponding tax payment, 

What is surprising about the proposition, ifanything, 
is that, unlike many results in welfare analysis, it does 
not require the firms along the river, or any other firms, 


One can expect. an acceptability cri- 
terion procedure to be operational be- 
cause policy makers think quite naturally 
in terms of minimum acceptability stan- 
dards, and while it is no doubt an exag- 
geration to say that they can arrive at 
them easily, there are all sorts of prece- 
dents indicating that such standards can 
be decided upon in practice. 

Though we are unlikely to be able to 
determine in advance precisely a set of 
tax values that will achieve the desired 
output standards, the output — level 
achieved by a given tax arrangement is 
readily observed and, at least in principle, 
it is possible to learn by trial and crror, 
continuing the direction of change of any 
tax modifications that turn out to bring 
outputs closer to their target levels. Since 
the procedure is a satisficing rather than a 
maximizing approach the possibility of a 
multiplicity of maxima is not relevant. 

‘That is to say, one generally expects a 
considerable number of solutions to satisfy 
a particular set of acceptability conditions 
(various resource allocation patterns may 
be able to achieve a given set of reductions 
in pollution levels) whether or not the sec- 
ond-order conditions are satisfied. If several 
of these do so, then the essence of the 
satisicing approach is that one simply 
utilizes the first of the acceptable solu- 
tions that is discovered. One gives up any 
attempt to achieve any standard of op- 
timality (other than minimization of cost!® 
for a given degree of protection of the en- 
vironment) and rests content with any 
solution that happens to satisfy the stan 
dards that have been selected. 


to be perfect competitors, nor does it have to assume 
that they maximize profits rather than share of market 
or growth or some other target variable. AlLit requires is 
that the firms wish to produce whatever output they 
select at minimum cost to themselves. 

Of course it is conceivable that there may be more 
than one local cos minimum, ta that case an clilucnt 
charge that yields an acceptable pollution level may not 
yield the global cost minimum. ‘This may be something 
that practical policy simply has no way of avoiding. 
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Thus, the acceptability criterion ap- 
proach does not dispose of the difficulties 
involved in finding a true optimum— 
rather it sweeps those difficulties under the 
rug. Even with pollution reduced to ac: 
ceptable levels, there will remain the 
possibility: Chat the Candiscovercd) rlobal 
optimum offers us a world far better than 
what we have managed to achieve—if only 
we knew how to attain it. But if we permit 
ourselves to be paralyzed by councils of 
perfection we may have still greater cause 
for regret. 

It may be that with time we can learn 
to improve the workings of a set of stan- 
dards of acceptability. If, say, it turns out 
to be unexpectedly cheap to attain the 
initial pollution standards, it may be rea- 
sonable to tighten the standards on the 
presumption that marginal costs will not 
yet have equalled the marginal social 
benefits. Successive modifications in. the 
criteria based on experience and revalua- 
tion may produce results that on the whole 
are not too bad. 

If firms are put on notice that the ac- 
ceptability standards may well be modified 
in the future this may lead them to con- 
struct what George Stigler describes as 
more flexible plants,—-plants which are de- 
signed to keep down the cost of response 
to changes in standards. Of course, flex- 
ibility itself is not costless. Ilowever, it 
may be precisely what is appropriate for a 
society which is only beginning to learn 
how to grapple with its environmental 
problems. 


APPENDIX 


Buchanan, Stubblebine and Taxation of 
Both Parties to an [externality 


Buchanan and Stubblebine have raised ob- 
jections to the Pigouvian solution similar to 
those offered by Coase (see fn. 2, above). 
Much of their discussion deals with the case 
where voluntary negotiation in the presence 
of externalities will lead automatically to a 


Pareto optimum. As already admitted, in 
this case a Pigouvian tax will only cause 
trouble. However, the authors also appear to 
offer an argument against the Pigouvian tax 
for the case in which negotiation is absent. 
Their argument, if TP ounderstand it cor- 
rectly, is that after industry PE adjusts to a 
Pigouvian tax on its output, for that industry 
the marginal yield of an increase in x, is zero. 
However, for industry IT, at the point y the 
marginal yield of a; is ¢a1<0. There must, 
consequently, be potential gains from trade 
between the two industries. They state: 


So long as [(0c/0%1)/(Ac2/Ax2)] remains 
nonzero, a Pareto-relevant marginal ex- 
ternality remains, despite the fact that 
the full ‘Pigouvian solution’ is attained. 
The apparent paradox here is not diffhi- 
cult to explain. Since, as postulated, [II] 
is not incurring any cost In securing the 
change in [I’s] behavior, and since there 
remains, by hypothesis, a marginal dis- 
economy, further ‘trade’ can be worked 
out between the two parties. ... The 
important implication to be drawn is 
that full Pareto equilibrium can never 
be attained via the imposition of unilat- 
erally imposed taxes and subsidies... 

[Section IIT, pp. 382-83] 


No doubt this is true—in a competitive 
situation two interrelated industries can gen- 
erally increase their joint profits (“gain from 
trade”) by collusion at the expense of the 
general public. In the case under discussion, 
if the output of x; is reduced it is true that 
industry I will lose nothing and industry IT 
will gain cy. However, society as a whole 
will experience no net gain. 

Since the analysis deals exclusively with 
resource allocation we must assume that the 
labor released by the reduced value of x; will 
be employed elsewhere to produce more of 
some other output or more leisure. Conse- 
quently, the goods or services represented by 
the ¢ units in taxes must be redistributed to 
the general public either by remission of 
another tax, increased provision of govern- 
ment services or some other means. 

We may now evaluate the consequences 
of a unit increase in the output of x; on the 
entire society by summing up the direct ef- 
fects on each of the three groups immediately: 
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General 
Industry I Industry If Consumers Public 
Incremental gain or i, pa ‘ a pees 
revenue 
Incremental cost (+t) = (c1+en1) 


Cn pb 


concerned: industry IJ, industry II, consum- 
ers, and the consequences of the tax receipts 
for the general public (which encompasses 
all consumers and producers, including those 
already mentioned). These are shown in the 
table above Adding up the incremental 
gains and revenues we see that the net social 
gain is zero, precisely as optimality requires, 
There is only a redistribution from industry 
II to the general public. 
In a recent letter Buchanan comments: 


As for the nonoptimality of a unilater- 
ally imposed tax, the problem here is 
that income effects enter to make the 
benefit-receiving side change behavior 
so that still further adjustments would 
be necessary... Our point was that 
this new position would not be one of 
full equilibrium if income effects enter. 
The Jaundries would now find that they 
secure the benefits of cleaner air without 
cost to themselves. Presumably this 
would make them do more laundry. 
This change in behavior would in turn 
change the apparent optimal solution. 
Admittedly, the imposed solution quali- 
fies as Pareto-optimal if further trading 
is prohibited. And here Pareto-equilib- 
rium does take on a different meaning 
from Pareto-optimal. Gains-from-trade 
exist, as you agree and, once these take 
place, we are not in an optimal solution. 


In this paper I deal with the case where 
trading fails to take place not because it is 
prohibited, but because (as seems charac- 
teristic of our most important externalitics 
problems in reality) large numbers make 
trading virtually impossible to arrange 
(where have we seen automobile drivers pay 
one another to cut down their exhaust?). 
Moreover, one must distinguish between the 
role of Buchanan’s income effect and that 
of “further trading.” Of course, further trad- 
ing can destroy the optimality of the results 
achieved by a VPigouvian tax. Vor, as just 


argued, in that case the two affected groups 
gain by exploiting the community. On the 
other hand, the “income effect’”’—the influx 
of laundries near the factory as clean air 
becomes cheaper is precisely the reason a tax 
on the smoke producer alone can lead every- 
one to behave Pareto optimally (see Sec- 
tion III). 
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The long-run efficiency properties of regulatory instruments are examined in a multiple- 
input framework. The effluent tax and tradeable permit are shown to be efficient with free 
entry and exit of small firms. The across-the-board effluent standard results in excessive entry 
and excessive industry pollution. © 1985 Academic Press, Inc. 


1. INTRODUCTION 


A regulator faced with free entry of firms is concerned not only with the 
implications of public policy for the discharges from-a representative firm but also 
with the total pollution observed at the long-run market equilibrium. The regulator 
must take into account not only the effects of regulations upon the net marginal 
returns of the firm but must also consider the total profit of the firm and incentives 
for entry and exit. This paper shows that effluent charges and tradeable effluent 
permits lead to long-run optimality with entry of small firms. The difference between 
firm payments and environmental damages is interpreted as the rent accruing to the 
environmental resource. This result applies only to the competitive case with small 
polluters. The analysis presented here allows a comparison and clarification of the 
literature on small and large polluters. 

In a multi-input framework, with social damages dependent upon total effluents, 
effluent charges are shown here to result in socially optimal entry, confirming an 
assertion of Baumol and Oates [2, p. 179, fn. 16], and the important result of Schulze 
and D’Arge [15]. By taking average as well as marginal damages into account, the 
effluent charge results in optimal firm scale levels and the correct input mix. At the 
free entry market equilibrium, the firm subject to an effluent tax will operate above 
or below the private minimum efficient scale depending upon whether average 
external costs exceed or are less than marginal external costs. 

Since public policy to reduce effluents is often directed at reducing the effluent- 
generating activity, some policy recommendations include a tax on the final output 
of the polluting firm. In some theoretical analyses, a relation between the output of 
the firm and the effluent level is identified and a Pigouvian output tax is applied. 
This approach should not be followed by policymakers since an output tax does not 
provide firms with the correct incentives for either input substitution or market 
entry. It is shown that while a lump-sum transfer is needed to provide correct entry 
incentives when a Pigouvian output tax is applied, no such transfer is needed if the 
tax is correctly applied to effluents, contrary to [5]. Even if optimal firm scale and 
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industry size may be attained with an output tax—lump-sum transfer scheme, firms 
will not have proper incentives for input substitution. This is significant since output 
taxes will not lead firms to undertake optimal pollution abatement and effluent 
treatment. 

Effluent standards are reexamined in a free entry framework and are shown to 
create long-run distortions even if firms are identical. If the optimal per firm 
standard is employed, excessive entry will occur driving total pollution above the 
social optimum and driving the production level of each firm below the socially 
minimum efficient scale. If the policymaker must meet an overall standard of 
environmental quality using quotas, this will require the share of each firm to be set 
below the optimal per firm level. 


2. THE SOCIAL OPTIMUM 


The regulation of an industry which generates pollution is now examined. Firms 
are assumed to be identical and to behave competitively. Firms purchase inputs x, at 
given input prices 7, j = 1,...,m. A newly established firm incurs positive fixed 
costs F. The firm’s inputs are used to produce output qg, with production function 
q = f(X,,---,X), where f is twice differentiable, increasing and concave. For each 
vector of inputs firms generate an externality e as an unwanted by-product of 
production, e = A(x,,...,,,), where h is convex and differentiable. The pollution 
generating function A captures the effects of the scale of the firm as well as the 
effects of different input combinations on total effluent production. The function h 
may be decreasing in some inputs to represent the employment of inputs for 
pollution abatement. 

External costs of effluent generation are given by the social damage function 
D(E) where E = ne represents total effluent, the effluent produced by each firm, e, 
times the number of firms n. The damage function, D, is assumed to be differentia- 
ble dD(E)/dE = D'(E) > 0 with increasing marginal damage and D(0) = 0. Total 
damages can only depend upon the total effluent levels. If the spatial distribution of 
effluent is important, this can easily be handled by redefining effluent levels at 
different locations as different pollutants.” For both air and water pollution, it is the 
concentration of pollutants within an air shed or water body that is of greatest 
importance. 

The policymaker’s problem is to choose industry output, inputs, and the number 
of firms in a partial equilibrium setting so as to maximize social welfare subject to 
technological constraints. Let P(-) represent the market inverse demand. Social 
welfare is defined as total consumer surplus net of private production costs and 
external environmental damages. The Lagrangian for the policy maker is 


L= [oP(s) ds —n Dx) — nF — D(ne) + né( f(x) — q) + n8(e — h(x)). 


(1) 


where € and 6 are the shadow prices for the production and effluent constraints, 


2 ' : : 
Although a single effluent model is considered here, the results generalize easily to multiple effluent 
types. 
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respectively. The first-order necessary conditions include 


dL 
a ae (2) 
OL ; 
96 17 D'(ne) +8 =0 (3) 
aL af(x) . dh(x) | 
Ox,’ 3 ax, 8 ax, = 0 =a) eae ern (4) 
OL m 
er ees are oe ty (5) 


The optimal allocation and shadow prices (q*, x*, e*, n*, €*,5*) solve (2)-(5) and 
q=f(x), e = h(x). Substituting (2) and (3) into (4) yields 


} * 
1+ Di(nrer) A) a eee (6) 


J} 


p(ntge) Lo) z 
J 


Thus, the marginal revenue product of each input should equal the marginal factor cost 
to society. This implies that the firm’s input mix is as important as its effluent level. 
This requires the firm to devote the proper amount of resources to inputs which 
reduce pollution and to choose the correct level of inputs for abatement and 
pretreatment of effluents. This result indicates why policies aimed at regulating 
specific pollution-generating inputs or requiring abatement inputs must fail in 
comparison with direct regulation of effluents. 

The first-order condition (5) requires the number of firms to be such that private 
profit per unit of effluent for each firm equals marginal social damages. This may be 
interpreted as a zero economic profit condition. The principal optimality conditions 
are thus (5) and (6). 


3. THE EFFLUENT TAX 


3a. Long-Run Optimality 


Consider the long-run impact of an effluent tax ¢ > 0. Given the market price P, 
each firm chooses its output, inputs, and effluent level subject to its production 
constraints. The Lagrangian for the firm’s problem is therefore 


L=Pq- Cae eres tia ie oy (et). (7) 


ae 
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The first-order necessary conditions include 


on ete (8) 
aq 
SE ie eee Sa) (9) 
de : ; 
Lent et eS pape tel a Fag eh pet (10) 
ax; J Ox; Ox; 


The firm sets the shadow price on the effluent constraint equal to the effluent tax, 
and the shadow price on the production constraint equal to the market price. Thus, 
(10) implies 


af(x) oh(x) 
7 rpm dx, ‘ 


eal ety Mm: (11) 


Note that the effluent tax ¢ affects the firm’s marginal rate of technical substitution 
by adding the marginal cost of an input in effluent production to the input’s factor 
price. 

Besides solving the problem of choosing inputs and outputs, firms make entry and 
exit decisions. Entry occurs until profits are zero given the effluent tax.? Thus, at the 
long-run market equilibrium, Pq — L7_\rjx;— F — te = 0, where P = P(ngq),q = 
f(x), e = h(x), and the input levels solve (11) for all firms. 

Now, let the tax ¢* equal the shadow price on the effluent constraint in (1), 
1* = §* = D’(n*e*). Thus, ¢* equals marginal social damages at the social optimum. 


PROPOSITION 1. Given the effluent tax t* = D'(n*e*), the long-run market equi- 
librium is socially optimal. 


Correct incentives for entry are obtained from the total tax payment D’(n*e*)e*. 
With free entry, factor payments exhaust revenue at the long-run equilibrium, the 
market price equals P(n*q*), and thus condition (5) is satisfied. Also, the effluent 
tax, ¢*, in Eq. (11) causes the firm to correctly value the productive inputs by adding 
their marginal social cost D'(n*e*)dh(x*)/dx}* to the factor price, so that condi- 
tion (6) is satisfied. 

The economic intuition for the result is as follows. All economic inputs that are 
priced competitively at marginal factor cost are paid more than their variable costs 
when marginal costs exceed average variable costs. This difference is referred to as 
quasirent, the return to the input producer’s fixed inputs. How does this apply to the 
environment? The society bearing the burden of pollution damage may be seen as 
both the owner of the environment (air, water, etc.) and the supplier of environmen- 
tal services. Environmental services are, in this case, the storage of pollutants 
provided at the cost of damages to producers and consumers. The difference 
between the total tax payment and the total social damages may be interpreted as 


Starrett and Zeckhauser [17] note that, in a fixed price model with concave production functions, the 
charges paid by the polluting firm will not affect its decision as to-whether or not to produce. This will not, 
hold if nonconvexities are present, see [17]. The reason that entry is affected by effluent charges in our 


model is that firms face fixed setup costs and the output price is given by a downward sloping demand 
function so that price is lowered by entry. 
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the rent accruing to ownership of the scarce factor, the environment. The environ- 
mental rent should not be treated differently from rents to other natural resources 
such as land or mineral resources. The costs of providing the resource services are 
social costs and are borne directly by consumers and firms. The total of firm 
payments equals the sum of social damage costs and environmental rent and provides 
incentives for optimal entry. Since firms are small, entry of a firm does not 
significantly alter the equilibrium rent. 

The result in Proposition 1 relies on the assumption that all firms are small, with 
negligible effects on marginal social damages resulting from entry of an additional 
firm. The papers [6, 9, 14, 10, 3) examine /arge scale entry of firms and show that the 
total tax bill paid by individual firms may be too great.4 The argument is that since 
the firm’s tax bill (output times marginal damages) exceeds the damages caused by 
that firm’s entry, then entry is excessively discouraged in the long run. These results 
are correct because when there is a change in the marginal social opportunity cost of 
a factor over the range of usage of that factor by a firm, the marginal increase in rent 
paid by an entering firm will exceed the social costs of supplying the factor. Thus, 
with large-scale entry, there is a need for an adjusted emission tax or permits scheme 
where the total cost to firms equals the area under the marginal social damage curve. 
This may be achieved, for example, using a Pigouvian tax—lump-sum transfer 
scheme or using the rental emission permits plan in Collinge and Oates [6], which 
satisfies both the short-run optimality condition and long-run entry—exit condition 
when entry of large polluters occurs. 


3b. The Scale of the Firm 


The /ong-run optimality of the effluent tax with small firms is best illustrated in 
terms of the social cost-of producing the output of an individual firm. 


C(q) = min eee) (12) 


(x;) j=l 


subject to f(x) = q, where 1* = D’(n*e*). The problem may be solved for inputs as 
a function of output for a given tax and given input prices, x; = y,(q5(*,r) = 
7(q), j = 1,...,m. The effluent tax leads the firm to equate marginal social cost to 
output price, 


dCta) at , 9h(x) \ 9X; 
dq du ( lap. ae oq 
1 j=l i 


=P, (13) 
Furthermore, from the zero profit entry condition, we see that price also equals 


4See Collinge and Oates [6, p. 348], Rose-Ackerman [14, p. 514}, Gould [10, P. 560), and Dolbear 
(9, p. 99]. Schulze and D’Arge [15, p. 766, fn. 8] disagree with Dolbear [9] regarding the excess of tax 
payments over damage costs. The two cases depend upon whether firms are large or small relative to the 
marginal damages caused by entry of an additional firm. 
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average social costs for each firm 


oa, (14) 


Thus dC(q*)/dq* = C(q*)/q* and average social costs are minimized. 
Combining (13) and (14) and substituting for 1* = D’(n*e*) we obtain 


mm 


ree hel 
i=) ais = > ua = D'(n*e*) ‘7 dh(x*) Ox; = D'(n*e*)h(x*) : 
q* aye OFF med eg Ma" q* 


(15) 
Thus the difference between the firm’s average private costs and marginal private 


costs equals the negative of the difference between the firm’s average external costs 
and marginal external costs. This implies the following result. 


PROPOSITION 2. Given the optimal effluent tax, if the firm’s average damages 
exceed (are less than) marginal damages, the firm will operate above (below) the 
private minimum efficient scale. 


This result emphasizes the importance of the effluent tax when average and marginal 
damages are not equal. One must be very careful in interpreting average damages. 
These refer to the external costs imposed by a firm per unit of final output gq. It is 
because of returns to scale in the firm’s generation of pollutants that the firm may 
have a decreasing, increasing, or u-shaped average damage curve. This should not be 
confused with the form of the social damage function D(ne) which is a function of 
effluents not outputs. The firm takes marginal social damages f* as given. The result 
explains why the separate entry regulations suggested by Carlton and Loury [5] are 
not needed when effluents rather than outputs are taxed, see Section 5 below. Since 
small firms have a negligible impact on marginal social damages, the firm takes 
marginal social damages ¢* as constant. Thus the shape of the firm’s external cost 
function t*e(q) is strictly dependent upon its own pollution-generating technology. 

It should be added that the effluent tax achieves the socially optimal input and 
output levels without a specification of the effluent-output relation for the firm. In 
addition, the tax gives incentives for complex input substitution by the firm. There is 
a tendency on the part of regulators to focus on output controls, input restrictions 
(e.g., low-sulfur fuel oil) or technological requirements (e.g., the best practicable BPT 
or available BAT technology requirements in water quality regulation). The effluent 
tax avoids these thorny regulatory requirements. 


4. TRADEABLE EFFLUENT PERMITS 


The literature on effluent permits has focused attention upon industries with a 
fixed number of firms.* The optimality properties of permits carry over to the free 


*Sce the important work of Dales [7, 8] and the survey in Tietenberg [18]. The proper functioning of 
the permit market requires a sufficient number of firms, see Starrett and Zeckhauser [17] on “thinness” of 
markets. Hahn [11] presents a simple model of firm demand for effluent permits where the firm selects its 


effluent level based upon the cost of abatement opportunities. The demand for permits is examined here 
under more general assumptions on firm technology. 
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entry case. Suppose that E permits are issued where / indicates the number of 
permits purchased by a firm. The market price of a permit is v. The firm’s supply 
function as well as its demand for inputs will depend upon the price of permits. We 
can also obtain the firm’s demand for permits. The firm solves a Lagrangian 


problem analogous to (7) where / = e, v = t, and B = a is the shadow price on the 
pollution constraint, 


L=Pq- ¥ yxj— F— vl + M(f(x) — 4) + BU A(x). (16) 


The constraint that permits exceed effluents, | > h(x) is always binding since the 
firm will never purchase excess permits. The firm sets the shadow price on the 
permit constraint / > h(x) equal to the market price of a permit, B = v. The firm’s 
problem (16) may be solved for the firm’s supply function, input demand, and 
permit demand functions, g* = q(P,r,v), Sax Me 20) py lie eg Moar alid 
Pei?,r,.6)° 

Since entry depends on the price of permits, the aggregate market demand for 
permits is L“(v) = n(v)/?(v). This is downward sloping in v.’ The demand for 
permits has an interesting economic interpretation. It is the marginal valuation of 
environmental services to the polluting industry. Given the total number of permits 
issued E, the market price v* allocates the permits across firms in the industry (see 
Fig. la). If the total number of permits issued equals the socially optimal pollution 
level E*, then the optimum level is attained by the market in permits (see Fig. 1b). 
At o*, the marginal value of environmental services equals the marginal social cost 
of providing those services represented by the marginal damage function. If the area 
under the marginal damage curve equals total damage costs then the shaded area in 
Fig. 1b is the rent accruing to the owners of the environmental resource. 

Given the total number of effluent permits equal to the social optimum E*, 
compare the solution to the firm’s problem (16) with the social optimum, (2) to (5). 


PROPOSITION 3. Given the total number of permits E*, then, at the equilibrium in 
the market for effluent permits, the optimal assignment of effluent levels is achieved and 
the long-run industry equilibrium is optimal. 


To see this, let ¢ = v* in (8) to (10). Suppressing P and r, the firm’s inputs 
xP = x(v*) and output qg* = q(v*) solve (11) and since / = A(x) is a binding 
constraint, n(v*)/?(v*) = E*. Since the zero profit entry condition holds at the 
market equilibrium v* = D’(E*), and the optimality conditions (5) and (6) are 
satisfied. 


Sufficient conditions for the permit demand to be downward sloping are given in Spulber [16]. 

7To see this, write the zero profit entry condition with permits, 7(r,v,n) = 0, where m(r,vu,n) = 
PC TG) Gi ape pe OE Differentiate 7 with respect to v holding n constant, d7/dv = —1%(v). 
Differentiate 7 with respect to n, 


dn —Png)C"Ca)g 
dn P’(ng)n — C’(q) 


<0 


where C(q; R,v) is the firm’s cost function. Thus, the equilibrium number of firms is decreasing in the 
permit price, dn/dv = —(0n/0v)/(dm/dn) < 0. Therefore the aggregate demand is downward sloping 
since AL? (v)/dv = n(v)dl?(v)/dvu + 1°(v) dn(v)/dv. 
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Permit price, v 


vt 


n(v)p?(v) 


E Number of permits, 


ap 
‘Permit price, v 


O'(E) 


v* 


nv) g%v) 


Ea Number of permits, & 


Ficure 1 


An additional interpretation of the permit market equilibrium is obtained by 
rewriting (11), 


P(n(v*)q*(v*)) Af(x?(v*)) /dx, eae v*, Faller are (17) 
dh(x?(v*))/dx; 


Thus, the net marginal revenue from the environmental services. associated with each 
factor equals the price of the environmental service, that is, the permit price. The net 
returns to use of the environmental service may be interpreted as an inverse demand 
or willingness to pay schedule. 


5. THE OUTPUT TAX 


A Pigouvian tax is generally taken to mean a tax (or subsidy) per unit of emissions 
generated by a firm.® Frequently, for convenience or as a teaching device, the 
Pigouvian tax is described as a tax on the final output of the firm and the output is 


®Baumol and Oates [2, p. 45] state that “{iJnputs and outputs that generate smoke are, of course, 
subject to tax but only in proportion to the smoke they produce.” In practice, there may not be a 
proportional relationship between a firm's final output and its emissions. As Plott [13] finds, a tax per unit 
of output may increase a firm’s emissions if they are an inferior input, see also Baumol [1, p. 311, fn. 6]. 
Burrows (3, fn. 2] notes that the original Pigou analysis refers to “‘taxes’ on external-cost-generating 


activities such as petrol duty and motor vehicle license tax.” Burrows [3, p. 495] interprets the Pigouvian 
tax as being a charge per unit of effluent emission. 
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in some way associated with the firm’s effluent emissions. In this context, the tax 
creates incentives for the firm to reduce its output and in so doing reduce its 
emissions. This approach sometimes causes confusion since it seems to imply that 
public policy to reduce emissions can be achieved with output taxes. Further 
confusion exists in the theoretical regulation literature where conclusions about 
Pigouvian taxes are obtained from models with output taxes. This section shows why 
an Output tax cannot work when input substitution affects the effluents generated by 
the firm. Even if output can be directly associated with effluents, the output tax 
cannot work since it will result in nonoptimal entry of firms into the regulated 
industry. Insight is gained into how the effluent tax provides correct entry incentives 
by examining the transfer needed to correct the output tax. 

Consider first the short run with a fixed number of firms n. Assume that only a 
single input is used in production, x € R,. Then, e = h(x) = h(f~'(q)). Thus, the 
marginal damages per firm may be calculated as a function of output 


1 0a C2) eR) 
. 4 = AUS reay 


(18) 


The Pigouvian output tax, 7, equals marginal damages per firm, with e*, x* as the 
optimal effluent and input levels, t = D’(ne*)h'(x*)/f'(x*). Given the Pigouvian 
output tax t and given one input, the optimal allocation is achieved. The firm chooses 
its input x to maximize profit, 7 = Pf(x) — tf(x) — rx. The first-order condition 
for the firm is then (P — 7) f‘(x*) = r. Substituting for 7 and rearranging terms, the 
optimal effluent equation for a fixed number of firms (6) is obtained, 


PF'(x*) = 7 + D’(ne*)h'(x*) (19) 


for e* = h(x*). The result that the output tax is optimal holds because only the 
scale of each firm is important. The result will not hold if the firm may substitute 
inputs in production, each of which may have different marginal products in output 
and pollution production. 

For x € R”, m > 2, and a constant number of firms, the output tax does not 
affect the firm’s private cost minimization. Thus, for an output tax + 


=r po= el eer5. NS (20) 


so that the firm’s input choices are not directly affected, 


af(x)/ax, 4, 
af(x)/ax, 1’ 


br J} bspfe=al ears IT (21) 


This differs from the social cost minimization condition, from (11), 


Af(x)/ax; 4+ D'(nh(x)) dh(x)/0x; (22) 
af(x)/ax, 1, + D’(nh(x)) dh(x)/dx, 
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Therefore, under an output tax the firm will have an incorrect input mix and the 
firm may not engage in the right amount of effluent pretreatment activities. 


PROPOSITION 4. For m > 2 and a constant number of firms, the output tax does 
not achieve an optimal allocation. 


The Pigouvian output tax does not yield an optimal outcome in the long run even 
for the single input case. Given output tax 7 equal to D’(ne)h’/f’ the entry equation 
is 


P(ng) f(x) = Di(ne) FP f(x) = rx - r= 10, (23) 


For the effluent tax equal to D’(n*e*), the entry equation is 
P(n¥g*) f(x") — Dnt e®) eax F =0. (24) 


Clearly, a lump-sum tax (or subsidy) per firm equal to 


(Bn KG Se | ON (Gi y D'(n*e*) 


(25) 


will result in the correct number of firms entering the industry. This follows from the 
optimality of the Pigouvian output tax when the proper entry incentives are 
provided. This implies the following result. 


PROPOSITION 5. For a single input and with free entry of firms, the optimal effluent 
tax equates the difference between the firms’ marginal private costs and average private 
costs to the transfer needed to correct the Pigouvian tax per unit of output. 


To see this, note that from Proposition 2, the difference between marginal private 
costs (MPC) and average private costs (APC) equals 


MPC — APC = | D'(n*e SE: D'(n*e*) a (26) 


when the optimal effluent tax is applied. But this difference exactly equals T*/q* as 
given by Eq. (25). 

Consider now the regulation literature in which output taxes are used. Schulze and 
D’Arge [15] show that an output tax leads to optimal resource allocation with small 
firms given the damage function D(nq). In our framework, this is true if for a single 
input T* = 0 in (25), or h(x)/f(x) = h'(x)/f(x) which holds, for example, when 
effluents are linear in output, e = h(x) = ee - f(x). In this case, the result in [15] 
supports our model. 


*Clearly an effluent tax may fail to be optimal if the damage function has the form D(n, e). However, 
this form is meaningless in general since only total effluents can cause damage, not the number of firms. 
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Carlton and Loury [5] assert that the Pigouvian effluent tax does not lead to 
long-run optimality without a corrective lump-sum transfer. Carlton and Loury [5] 
employ a social damage function dependent upon the scale and number of firms 


D(n,q) and study the Pigouvian output tax.” It is shown in [5] that the lump-sum 
transfer equals 


IPS ian een ee Ce 


and that (p. 564): “The optimal lump sum tax... will be positive (negative) when 
average pollution damage is falling (rising) at the optimal firm output.” 

In [5], the failure of the Pigouvian tax is attributed to the difficulty of trying to 
control the number of firms and the scale of firms with just one policy instrument. 
Proposition 5 above suggests that the problem lies not in the number of instruments. 
Rather, the problem lies in the choice of instruments. When.-a tax is placed on the 
firm’s effluent, the firm’s average and marginal private costs will differ by exactly 
the amount of the transfer per unit of output that is needed to correct the Pigouvian 
output tax. The output tax—transfer scheme in [5] generally will not work in a 
multi-input model. First, to verify the one input case within our framework, the 
damage function D(n,q) is obtained by substituting for e = h(x), x =f '(q), 
D(n,q) = D(nh(f-'(q))) = D(ne). Thus, we have 


dD(n,q) 


OF = D'(ne)e (27) 
Diva ae & nh'(x) 
5 ei ACA ber ae (28) 


where x = f_'(q). Substituting for dD(n,q)/An and ID(n,q)/dq in (26) clearly 
T = T* as obtained in our optimality condition (25). The optimality of a Pigouvian 
output tax and lump-sum transfer system in a one-input framework should not be 
used as a guide to policy in a multi-input framework. The Carlton and Loury [5} 
result depends heavily on the assumption that pollution damages are a function of 
the scale and number of firms. As we have shown above, the firm’s input mix is of 
importance. It is generally not possible to associate firm scale with effluent and thus 
with social damages. Thus, the Pigouvian output tax—lump-sum transfer scheme in 
[5] may be adjusted to obtain any desired scale and number of firms but the firm’s 
input mix and the resulting effluent levels will be far from optimal. Equation (20) 
may be solved for x, = x,(q), J =1,..-,n. Then the social damage function may be 
written as a function of n and g, D(n,q) = D(ne) = D(nh(x,(q),.--, ¥,(q))). The 
Pigouvian output tax and lump-sum transfer may be adjusted to set q and n. 
However, the social costs of achieving this allocation will be far greater than 
necessary due to the misallocation of inputs represented by (20). The misallocation 
will not occur if A is a positive linear transformation of f. Given the different effects 
of various inputs such as labor, capital, resources, and energy on pollution genera- 
tion and abatement, this seems highly unlikely in practice. 

The negative result of Burrows [3] assumes that damages are additive across firms, 
i.e., total damages equal nD(q), see [3, fn. 5]. Thus external damages caused by firms 
are local and independent. An alternative specification of different pollution impacts 
at N locations might allow entry of firms at each location. Let the regulator choose 
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industry size n, and output q;, at each location i = 1,..., N to maximize 


N N N 
['r(s)as = iG Aen = en = L DAmai)s 


i=1 i=1 i=1 


where Q = L_,n,q, is total output and D,(n,q;) is damage at each location. An 
output tax at each location t, = D/(n,q,;) will lead to correct output and entry 
incentives, as in [15]. 


6. THE EFFLUENT STANDARD 


It is well known that for a fixed number of firms, effluent standards may not yield 
an optimal allocation when firm technologies differ." When firms are identical, 
standards are generally viewed as the quantity dual of the optimal effluent tax. 
However, effluent standards fail in the long run even when firms are identical. The 
economic intuition is that effluent standards give firms a valuable property right to a 
particular use of the environment thus encouraging excessive entry. 

Suppose that a regulator wishes to select per-firm emissions levels using an 
effluent standard. For simplicity assume that there are two productive inputs used in 
production, q = f(x, x,) and that pollution is generated by use of one of the inputs 
e = h(x,). The optimal per-firm pollution level e* solves (7). Let x,, X,q,n denote 
the market equilibrium in the long run given the effluent standard e*. Note that 
since the constraint is still binding, e = e* and x, = x}. The market equilibrium is 
defined by the marginal revenue product condition, P(nq)f,(X,, X,) = r,, and the 
zero profit entry condition, P(nq)f(X,, X.) — 7,X, — 4X, — F = 0. These condi- 
tions imply the following. 


PROPOSITION 6. Given an across-the-board effluent standard equal to the socially 
optimal per-firm pollution level, each firm operates below the social minimum efficient 
scale, excessive entry occurs, and total pollution exceeds the social optimum. 


The argument is as follows. The entry condition implies 
P(n*q*) f (xi, x2) — yxf — D'(n*e*)e* = P(g) f(%,,%2) — 74%, (29) 
Thus, 
P(ntg*){ (xiixd) Sirk = Pig) Age es 1X). (30) 
From the marginal revenue product condition, (30) implies 
FOS x3) /f P(x}, x}) — xf > f(X1, X2)/f,(%1, X2) — X. (31) 
Thus, xf > X, since X, = xf and (f/f,) x, is increasing in x,. Given x* > X,, 
output is therefore greater at the social optimum q* > g and f,(x*, XT P< f,(X, X5). 


Thus, from the marginal revenue produet condition P(n*q*) > P(nq) which implies 
n* <n because demand is downward sloping. 
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The effluent standard does not affect total profits which therefore allows excessive 
entry. This raises total output, thus lowering the market price for any output level 
and leading to lower output for each firm. The increased entry leads to greater total 
pollution. This last result confirms a conjecture of Burrows (4, fn. p. 362], that ‘a 
larger industry under regulation could, however lead to higher industry use of the 
environment.” With free entry, lower prices cause firms to reduce the unregulated 
inputs leading to lower output per firm. This may create a confusing situation for a 
regulator who will face complaints from firms in the industry who must cut back 
their production at the same time that more firms are entering the industry. The 
firms may call for entry restrictions as a means of controlling pollution. Thus, 
regulators may be forced to a scheme that combines per-firm emissions requirements 
with limited entry regulation. 

Suppose that the regulator is attempting to meet an overall legal environmental 
standard E by assigning per-firm shares e such that ne < E. The Lagrangian for the 
policymaker’s problem is then 


Lf [oP(s)ds —n 5 Exp nl + ni( f(x) -—q)+a(E—-nh(x)) (32) 


where the regulator chooses x, g, and n, where a > O is a Kuhn—Tucker multiplier. 
The problem (32) yields an identical solution to the social optimum problem (1) if 
Eee cud, Xeon: £,&) solve (32). An effluent tax equal to the shadow price 
on the overall effluent constraint @ will yield an optimal allocation in the long run. 
Thus, the effluent tax is the social welfare maximizing policy instrument for meeting 
an overall environment standard. For a binding environmental constraint, the 
shadow price @ is positive so that an across-the-board standard assigning equal 
shares of the environmental constraint to each firm equal to E/n will result in 
excessive entry thus raising the social costs of achieving the environmental standard. 


PROPOSITION 7. Given a binding overall environmental standard and free entry, the 
across-the-board share per firm must be set below the optimal level é. 


Proposition 7 follows from Eq. (4) which implies that firm profits are positive at the 
social optimum when a@ > 0, 


P(ng)q-— Yi rx,- F = ah(x)>0. (33) 


Thus, meeting a legal standard by an across-the-board quota will place excessive 
burdens upon firms. If fixed costs are relatively small relative to net revenues, 
excessive entry will require tight pollution restrictions on individual firms. Regu- 
lators will face requests from firms to limit entry or to approach the lower standard 
é gradually perhaps by placing stricter requirements upon newly entering firms. 


7. CONCLUSION 


The results obtained in this paper reaffirm the importance of directing public 
policy toward pricing the use of the environment. The policy instruments which 
achieve long-run optimality in a competitive market with small firms are the effluent 
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x and the tradeable effluent permit. Direct intervention through output taxes or 


output controls, entry tariffs, or restrictions, or effluent constraints will create 


fu 


rther distortions in the allocation of resources. Given an effluent charge or permit 


price equal to marginal social damages, the total of firm payments equals the sum of 
environmental rent and external damages. These two components provide optimal 
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centives for entry in the long run. 
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Detrimental Externalities and Non-Convexity of 
the Production Set 


By W. J. BAUMOL and Davip F. BRADFoRD?! 


This paper undertakes to show that detrimental externalities tend to 
induce non-convexity of the social production possibility set. In parti- 
cular we show that if externalities are sufficiently strong, convexity 
conditions must break down. 

It is not our objective here to review in any detail the difficulties 
caused by non-convexity. Some of these consequences have long been 
recognized and are widely known.? However, until the recent appear- 
ance of papers by Starett [8], Portes [5], Kolm [3] and Baumol [2], it was 
apparently not recognized that externalities themselves are a source of 
non-conyexity. These more recent writings suggest more than one con- 
nection between the two phenomena. However, one particularly straight- 
forward relationship seems to have received little or no attention. 
With sufficiently strong interactive effects non-convexity follows from 
the simple fact that if either of two mutually interfering activities is 
operated at zero level the other suffers no hindrance. The goal of this 
paper is to explore this phenomenon and show very clearly how it is 
that sufficiently severe detrimental externalities of the form described 
and non-convexity necessarily go together. 

In the first three sections we show both with the aid of illustrative 
examples and more general analysis that detrimental externalities of 
sufficient magnitude must always produce non-convexity in the produc- 
tion possibility set for two activities: one generating the externality and 
one affected by it. In Section IV we show that the problem is reduced 
but not generally eliminated by the possibility of spatial separation of 
offender and offended. Achievement of the “right” spatial separation 
turns out not always to be a simple matter, however. Section V contains 
some speculations about the way in which the number of local peaks in 


1 We would like to express our deep gratitude to Mrs. E. E. Bailey for her 
thorough review of an earlier version of this paper and her very helpful comments, 
and to the National Science Foundation for its generous support of our research. 

2 Pigou, for example, commented that “‘. . . if several arrangements are possible, 
all of which make the values of the marginal social net products equal, each of 
these arrangements does, indeed, imply what may be called a relative maximum 
for the [national] dividend but only one of these maxima is the unequivocal, or 
absolute, maximum. ... It is not necessary that all positions of relative maximum 
should represent larger dividends than all positions which are not maxima. On 
the contrary, a scheme of distribution approximating that which yields the 
absolute maximum, but not itself fulfilling the condition of equal marginal yields, 
would probably imply a larger dividend than most of the schemes which do fulfil 
this condition and so constitute relative maxima of a minor character.” Pigou [4], 
p. 140. References in square brackets are listed on p. 176, below. 
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the production function grows with the number of interacting activities. 
In Section VI we discuss the possibility of using Pigovian taxes to sustain 
desirable behaviour, and in a concluding section we review briefly the 
problems for social policy inherent in the sort of non-convexity we 
have been analysing. 

An appendix contains a formal demonstration of the workability of 
Pigovian taxes in this context. It is shown that as long as individual 
production sets are convex, all socially efficient output vectors can be 


~~ 


WU = production set of electricity industry 


FiGureE la 


sustained as a sum of profit-maximizing output choices under taxes 
designed to equate marginal social and private costs. 


I. A SIMPLE MODEL 


Consider a two-output, one-input economy in which each output is 
produced by a single industry. To avoid compounding problems we shall 
assume that each industry has a convex technology in terms of its own 
inputs and outputs." However, the presence of detrimental externalities 
1 Thus, if v, is the quantity of input to industry i and x, is its output, and 
if (vf, xf) and (vf*, x**) are two feasible input-output combinations (holding 
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means that increases in the output of one of the industries raises the 
other’s costs of production, which is to say the amount of input required 
to produce any given output. What we wish to show is that if this 
detrimental externality is strong enough, then the social production 
set must be non-convex.! 


3 ty tj; s leisure 


production set of laundry industry, 


YA * electricity output = O. 
WA 


. production set of laundry 


industry, electricity output = 10. 


Ficure 1b 


For consistency with the general analysis in the Appendix let us carry 
through this example following the practice of measuring inputs as 


constant inputs and outputs in other sectors), then 0<a<I implies that (avi + 
(1—a)v**, «xf + (1 —a)xf*) is also a feasible input-output combination. Convexity 
of a production set is sometimes referred to as “generalized non-increasing 
returns”, by which is meant that a convex technology cannot exhibit increasing 
returns to scale and that it obeys the law of diminishing marginal rates of sub- 
stitution among factors and among outputs, and diminishing marginal productivity 


of outputs by factors. ; ; d 
eh Tike notation of the preceding footnote, the social production set is the set of 


all vectors (v,-+ v2, X1, X2) such that (v1, x1) and (v2, x2) are simultaneously feasible 
for their respective industries. 
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negative outputs. Hence, our economy can be described as having 
three outputs: for concreteness—leisure, electricity and laundry. The 
shaded region of Figure la shows the production set (the set of attain- 
able net output vectors) for the electricity industry, bounded by the ray 
OE. Figure 1b displays the production set for the laundry industry 
under two alternative assumptions about output in the electricity 
industry. The detrimental externality generated by electricity means that, 
for a given input of labour to laundry, less will be produced when 
electricity output is positive. Thus, OM, the ray serving as the laundry 
production frontier when some electricity is produced, must lie below 
OL, the laundry frontier when no electricity is produced. To make 
things easy for ourselves we have assumed constant returns to scale for 
each of the industries taken alone—hence the straight-line boundaries. 

The non-convexity of the social production set for this economy is 
easily demonstrated. Consider two social production vectors on frontiers 
OE and OL: vector A on OE (—8 leisure, 20 electricity, 0 laundry), and 
vector B on OL (—8 leisure, 0 electricity, 400 laundry). Obviously both 
of these are technically feasible, as are (by constant returns to scale) the 
vectors A’: (—4, 10, 0), and B’: (—4, 0, 200), which are, respectively, 
half way to the origin from A and B. However, the vector V=(—8, 10, 
200), which is a convex combination of A and B since V=A’+B’= 
4A+4B, is not feasible technically. If we wish to give up 8 units of 
leisure altogether and insist on 10 units of electricity, requiring 4 of 
these units of leisure, the most we can obtain is 100 units of laundry 
(point C). More generally, if L is the amount of leisure devoted to the 
two outputs and a and b represent the respective outputs of electricity 
and laundry if L is devoted exclusively to the one or the other, then the 
assignment of $Z to each output must necessarily provide less than b/2 
of laundry output if there is any detrimental externality present. Point 
B’ is never attainable under these conditions, and non-convexity must 
follow. 


II. AN ALTERNATIVE VERSION OF THE NON-CONVEXITY ARGUMENT 


In Figure 2 let X, and X, represent, respectiveiy, quantities of elec- 
tricity and laundry. Dropping our earlier assumption of constant 
marginal rate of transformation between outputs, let ORAR’ represent 
the convex set of output combinations attainable from a fixed amount 
of labour in the absence of externalities. For expository convenience, 
introduce a parameter k measuring the strength of the externality. In 
terms of our example, k can be taken to measure the mean addition to 
the resources cost of cleaning a given batch of laundry which occurs 
when an added unit of electricity output causes smoke to increase. By 
definition, then, along RAR’, which corresponds to the absence of 
external effects, the value of k (call it kg) is zero. 

Consider what happens to the production possibility locus as the 
value of k is increased. We will show that the position of the end-points 
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Rand RF’ will be totally unaffected, while all other points on the locus 
will be shifted downward. Point R will be unaffected by a rise in the 
value of & since, whatever the social cost of smoke, at that point there 
will be no increase in damage because, by assumption, there is no smoke 
produced in the absence of any electricity output. Similarly, the 
location of R’ is invariant with k since at that point no resources are 
devoted to laundry production, and hence there can be no increase in 
the resources cost of laundry output. There simply is no laundry to be 
damaged, so that electricity can smoke away without causing any harm 
to others. However, consider some intermediate level of electricity 
output, say xf. Here an increase in k means that with a given amount of 
electricity and a given quantity of resources, a smaller quantity of clean 


Xy 


Ficure 2 


laundry can be produced than before. Consequently point A must shift 
downward to some lower point, B, and the entire possibility locus 
becomes something like RBR’. With further increases in the value of k, 
point A will be shifted lower still. If at some value of k it is pulled below 
line segment RCR’, the possibility set becomes a non-convex region? 
such as shaded region ORDR’. But we know that if the external damage 
is sufficiently serious (i.e. for sufficiently high values of k), A must cut 
below C, for if the marginal smoke output is so great and so noxious 


that no quantity of resources can get laundry as clean as it would be - 


1 Figure 2 can be connected directly to the inter-related individual production 
scts of Figures 1a and 1b. Points Rand R’ respectively represent the social output 
vectors (—8, 0, 400), i.e. point B in Figure la, and (—8, 20, 0), pea dere A in 
Figure 1a. With constant returns to scale and a single input the production ee 
in the absence of externalities must be the line segment RCR’. However, wit 
electricity output at xf=10 in Figure 2, the most laundry we can obtain in the 
presence of the externality is HD=100, not HC=200. 
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in the absence of smoke, then A must fall all the way to the horizontal 
axis (point H). That is, in the limit, the possibility locus then must 
consist simply of the axis segments ROR’. 

The simplicity of the preceding argument may belie its generality 
and rigour. The point is that with any pair of commodities one of which 
interferes with the production of the other there will be no such inter- 
ference if one or the other is not produced. On the other hand if the 
interference is sufficiently great, the maximal output of the activity 
suffering the external damage will approach zero for any non-zero level 
of output of the other, and a non-convexity in the feasible set is un- 
avoidable. Note finally that if there is a non-convexity in the production 
set for any pair of commodities, the full n-dimensional production set 
is also non-convex. 


IlJ. A FURTHER ILLUSTRATION 


Some readers may prefer to deal with a concrete algebraic example 
explicitly relating a measure of the degree of detrimental externality 
with the “wrong” curvature of a production possibility frontier of the 
type displayed in Figure 2. We therefore offer a case in which the 
separate production sets of the two industries are strictly convex. 
Again let v, stand for the amount of labour (negative leisure) used in 
industry i, x, for the output of electricity, and x, for the output of 
laundry services, and suppose 


(1) v,=x4/2 
v2= x3/2 ae KX Xa. 


Each industry is separately subject to strictly diminishing returns to 
scale. The coefficient k now measures the strength of the effect of 
electricity output on laundry costs; the effect is detrimental if k>0. If 
a total of v units of labour is made available, we can write the implicit 
equation for the laundry-electricity possibility frontier as 


(2) v=x}/2+kx,x9+x3/2, 
x1 Pa 0, X2 = 0. 


We can deal with any such differentiable possibility locus in an obvious 
manner, calculating its second derivative and showing generally that 
when the externality parameter k becomes sufficiently large that deriva- 
tive must take positive values. The present illustration, however, permits 
us to show this result more directly. If k=O (no externality), (2) des- 
cribes a quarter circle in an (x,, x2) co-ordinate system. This boundary 
obviously has the “right” curvature. For small positive k, the boundary 
continues to be concave to the origin. However, when k= 1, (9) becomes 
the equation ofa straight line [(x, + x2)?=2v]; and for larger values of Kk; 
non-convexity of the production set occurs. 

In the preceding example non-convexity only happens to appear 
with a fixed large value of k, i.e. for k=1. However, generally the 
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appearance of the non-convexity will depend both on the magnitude 
of the externality parameters and on the values of x, and x,. For 
example, suppose in the preceding example we leave the electricity cost 
function unchanged but make the laundry resource requirement function 


a= Xo + KX Xo. 
Then the production possibility locus is given by 
V=0,+02=X7/24+ kx xXqg+Xo. 


A straightforward calculation of the second derivative shows that 
convexity will now be violated if and only if 


2k?xg+kx, =a k 


Clearly, for k or x, or x, sufficiently large, this requirement will not be 
satisfied. In this illustrative example, the maximum feasible values of 
X occur in the vicinity of x, =0. Here we have x. ~v, and it is not diffi- 
cult to imagine values of k and v that will violate the preceding con- 
vexity requirement. If v is very large, say of the order of thousands or 
millions of units, even a very small value of k will violate the second- 
order conditions. For example, if v=10,000, then any k>0-01 will 
have this effect. 


IV. SPATIAL SEPARATION AS A PALLIATIVE 


A lower bound to the degree of non-convexity in the social production 
set arising from detrimental externalities is provided by the possibility 


Xo 


only item II produced ot a 


no external damage, both 
¥ items produced at a 


only item I produced at a 


x 
0 D x% T 


FIGURE 3 


of separating the generators and their victims geographically, moving 

the laundries from the vicinity of the electricity producers, or vice versa. 

This is illustrated by the following example. ¥ 
Assume once more that we have two outputs, 1 and 2 (electricity and 
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laundry), and that these can be produced at either of two locations, a 
and b, with respective output levels, X14, X2a, Xi» and X2p. To begin with, 
we take all substitution relationships in the absence of externalities to 
be perfectly linear. Let us assume also that, were there no externalities, 
it would pay to produce both items at the same location, say a. In 
Figure 3 line segment ST represents the production possibility locus for 
our two items when external damage is zero and both are manufactured 
at the more economical location, a. SD represents the more restricted 
set of output levels! that remains possible if x2 were still produced at a 
but the production of x, were moved to b. Since b is assumed to be a 
less suitable site, all of SD must lie below ST, with the exception of end- 
point S which corresponds to production of x2 alone, and which, 
since all of that activity takes place at a, must provide the same output 
level as can be achieved when there is no restriction on the use of site a. 
Similarly, line segment CT represents the production possibilities when 
manufacture of x, is moved to b while that of x, takes place at a. 

Now suppose that externalities generated by the production of x, 
at a grow serious, so that the locus corresponding to manufacture of 
both items at a shifts from the line segment ST to the convex locus 
SUWT, by the process described in the discussion of Figure 1. Then, 
if society wishes to produce, say, quantity x¥ of item 1, it can only obtain 
x*K* of x2 if both goods continue to be produced at a. However, by 
separating the two production processes—shifting the manufacture of 
item 2 to site b—the community can increase its output of commodity 
2 {OK Kk. 

Obviously, then, if we take into account the possibility of spatial sepa- 
ration of output processes, the production possibility locus becomes 
SJUWKT. In no event can externalities force this locus to retreat closer 
to the origin than SVT. However, even here, the feasible region OSVT 
cannot be convex, because the boundary point V must lie below the 
line ST. Figures 4a and 4b generalize the argument of Figure 3 to the 
case of non-linear substitution relationships in which it is no longer 
necessarily true that one location, a, is the best place for both outputs. 
Once again, ST is the possibility locus in the absence of externalities. 
However, some of one or both items may now be produced at b as well 
as at a. The two possibility curves corresponding to the two ways of 
separating the two outputs are PR and CD. These two curves need no 
longer have even a point in common with ST, Nor, as Figure 4b shows, 
need they intersect. They will limit the extent to which externalities can 
pull the possibility locus toward the origin, but they cannot prevent 
the appearance of a non-conyexity in the feasible region, as Figures 4a 
and 4b indicate, For suppose externalities transform the locus ST, 
along which the activities are not separated, into the curve SJT. The 
true possibility locus will now be SWVUT, yielding a feasible region 
OSWVUT (shaded areas) that is non-convex. 


+ This shrinking of the possibility set takes into account any resources which 
must be devoted to transport as a result of the separation of activities. 
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These diagrams illustrate the proposition that sufficiently severe 
externalities make locational specialization economical. An example of 
the application of this point is seen in the Ruhr region in Germany, 
where the Emscher River valley has been completely devoted to waste 
disposal, while two other river basins have been preserved free from 
pollution. 

The diagrams also bring out the disconcerting possibility that which 
locational specialization is optimal may well depend upon the desired 
output proportions. Thus, in Figure 4a, with fairly strong externalities 
the production possibility function is SWVUT. For output combinations 


Xo 


Wy). 
On 


FIGURE 4a Ficure 4b 


along segment WV all of x2 is produced at a, all x, at b. Along segment 
VU the specialization is reversed. The danger of an incorrect choice by 
planners in this context appears clear. If it should turn out that, un- 
polluted, the Emscher River valley is uniquely well suited to growing 
marijuana it may turn out to have been a mistake to pick that one 
rather than one of the others for the area’s sewer. 


V. GENERALIZATION TO n ACTIVITIES 


The arguments of the preceding sections have dealt with a world in 
which there are only two activities. Generalization of the argument to 
deal with more than two activities is immediate.* In a world of n outputs 
convexity can be guaranteed only if each of the partial possibility loci 
representing substitution between a pair of commodities is concave. 
Any single exception like that in Figure 2 means that at least two local 


i i i i ternalities. In 
i discussion has also confined itself only to detrimental exterr 
eee isle the presence of external benefits can also produce a multiplicity of local 
maxima, but here it is not so clear that the problem is likely to be serious. On 
this see Baumol [2], pp. 366-7. 
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maxima become possible. Thus the analysis holds whether the economy 
encompasses two outputs or n. NE 

There is, however, one aspect of the matter that does require explicit 
analysis in terms of n activities. One may well ask how the number of 
local maxima is likely to grow with the number of activities. Here we 
can offer a few observations about polar cases which suggest that in at 
least some cases the number of local maxima may grow very rapidly 
with the number of activities involved. First, however, we deal with a 
case in which a proliferation of activities does not necessarily increase 
the number of local maxima. 

Polar case (a): If one activity imposes external costs on m other 
activities, even if the detrimental effects are very great, no more than 
two local maxima need result.? 


electricity laundry 


oil refining 
masonry 


laundry electricity 


FiGureE 5a Ficure 5b 


Polar case (6): A similar result holds when n activities impose 
external costs on one other activity. 

In Figure 5a, the smoke from electricity production increases laundry 
cost and makes it more expensive to produce deterioration-resistant 
masonry. The production locus will then tend toward the form indi- 
cated (surface ABC). Since laundry and masonry activity impose no 
adverse external effects upon one another, their production possibility 


* This does not preclude the possibility that there will be more than two maxima 
if the relevant functions violate the appropriate concavity—convexity conditions 
in the absence of externalities. Even where the maximum would otherwise be 
unique, externalities which are of intermediate strength may lead to three (or 
more) local maxima—characteristically two corner maxima produced by the 
externalities, and one interior maximum, a vestige of the unique maximum that 
would occur in the absence of externalities. Complications such as these and the 
possibility of irregularities in the relevant hypersurfaces probably limit the profit- 
ability of a more rigorous discussion of the subject of this section. 
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locus will have the normal shape (concave to the origin) illustrated by 
curve CB. However, for the reasons indicated in the discussion of Figure 
2, if smoke damage grows sufficiently serious the other two partial loci 
will have shapes like those of AC and AB. We may then expect two 
local maxima, one at A and perhaps another at a point such as M. The 
interpretation of Figure Sb is exactly the same, and we merely pause to 
draw the reader’s attention to the remarkable similarity between the 
diagram for the two-victim-one-polluter case and that for one victim 
and two polluters. 

Next we come to cases involving more complex patterns of inter- 
dependence and show that here the number of local maxima may indeed 
increase with the number of activities involved. We have the following 
case. 

Polar case (c): If each of n activities produces and suffers from very 
strong detrimental externalities and spatial separation is not possible, 
n local optima can be expected. 

Here, in the limit as external damage becomes sufficiently great, it 
will be optimal (indeed it will only be possible) to carry on just one 
of the n activities. The choice of the activity to continue in operation 
clearly gives us our n local maxima (i.e. there are exactly n such 
choices available). If matters are not quite so serious, so that only a 
smaller number, k, of activities need be discontinued, it may be con- 
jectured that the number of local maxima will increase (to the number 
of combinations of n activities chosen k at a time). 

Finally, we deal with the possibility of spatial separation, which, 
unlike its role in our earlier discussion, seems to aggravate the growth 
in number of maxima with the number of activitics involved. We have 
the following case. 

Polar case (d): If there are n activities each of which produces and 
suffers from externalities and there are just n discrete locations into 
which they can be separated, then, if the externalities are sufficiently 
severe, we can expect at least m! local maxima. For we have n candidates 
for the first location and, for each such choice, there remain n—1 
candidates for the second location, then n—2 candidates for the third, 
etc., i.e. there are altogether n! different ways of achieving the desired 
isolation. 

In practice, in some respects, this probably exaggerates the number of 
possibilities; in other ways it understates them. There really is no fixed 
finite number of discrete locations, and so one will normally have more 
than n geographic areas in which to locate n activities. If that is the 
right way of looking at the matter, it is clear that the number of local 
maxima (i.e. the number of ways of isolating each activity) will exceed 
ni. On the other hand, airborne pollution is known to travel over 
enormous distances. In that sense we may have no hiding-place from 
one another’s emissions. We may then find ourselves back at the one- 
location case with its smaller number of local maxima but its more 
difficult problems of social damage. 
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VI. CONVEXITY IN SOCIAL AND INDIVIDUAL PossIBILITY SETS 


In one respect the externality-induced non-convexity poses a less 
serious problem for social control than one might expect. For, as all 
of our examples indicate (see, notably, Figure 1), non-convexity in the 
social production possibility set is compatible with convexity in the 
sets over which individual producers make their choices. This has the 
consequence that it is possible through the use of prices and taxes alone 
to induce any individual firm to choose any designated point on its 
production possibility frontier, and hence to use these devices to sustain 
any designated point on the social possibility frontier, despite its 
“wrong” curvature. This may be contrasted, for example, with the 
case of non-convexity due to increasing returns to the scale of individual 
producers’ production. Here, if every producer’s average costs decline 
continually with scale over some substantial range, a producer con- 
fronted by a fixed price will either turn out zero output or some large 
quantity of output. Output combinations calling for intermediate 
levels of production of the good in question cannot be attained with the 
aid of the price mechanism alone. 

The general principle may be illustrated with the example of Section 
III, involving two producers with input cost functions, (1). As it 
happens, if the input is inelastically supplied, in this case any pair of 
output choices by the two producers will be on the production possibility 
frontier. It need, then, only be demonstrated that any attainable (x, x2) 
combination will be chosen in some price situation. Let the prices p, for 
electricity (x,) and p, for laundry (x2) be chosen, and let labour be 
given a price of unity. The profit functions of the two firms are given by 


= P4X1—X4/2 
KU} = PoX2 = x3/2 am eto 


(3) 


The individual production sets being strictly convex in “‘own’”’ variables, 
the profit functions are strictly concave in own variables, Hence (as may 
be checked by calculating second partials) first-order conditions (4) are 
sufficient as well as necessary: 


xy Sn 
4 
( ) kx; +xX=Da. 


Eqs. (4) are invertible, which means that any desired pair (x,, x2) can 
be obtained as a solution to them for some combination of prices. 
More generally, it is not true that all sets of profit-maximizing 
choices by producers will produce a socially efficient output combina- 
tion, for we must usually worry about equating marginal rates of 
substitution and transformation by all producers, where any given pair 
of producers is likely to have many input-input, input-output and out- 
put-output pairs in common (e.g. all firms use some labour and some 
capital), The required adjustments to the prices facing an individual 
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producer are, of course, Pigovian taxes, adding to the cost of inputs and 
subtracting from amounts received for outputs sums designed to bring 
into equality marginal private and marginal social cost. We reserve for 
an Appendix a formal demonstration of this fact. 


VII. CONCLUDING COMMENTS: WHAT’S WRONG WITH Non- 
CONVEXITY ? 


There is only limited comfort to be derived from the knowledge that 
a sufficiently ingenious use of Pigovian taxes can keep a competitive 
economy at any desired point that is technologically efficient so long as 
detrimental externalities are the only source of non-convexity. Pigovian 
taxes cannot change the shapes of the technological relationships in the 
economy, and hence cannot remove the problems of evaluation of 
efficiency which non-convexity introduces. It seems appropriate there- 
fore to conclude by reviewing this problem briefly. 


Xo Ko 


Bs) 


Figure 6a FIGuRE 6b 


Let us, then, bring consumers into the picture. In Figure 6a let IJ’ be 
a social indifference curve, so constructed that along it social welfare is 
constant and that its slope at any point equals the common slope of 
all consumers’ indifference curves at the corresponding distribution 
of the two goods (see Samuelson [7] or Baumol [1] ch. 3, sec. IX, and 
Appendix). A  social-welfare-maximizing state involving positive 
outputs of the two goods must be characterized by tangency of a 
social indifference curve with the production possibility frontier, as 
at point 7 in Figure 6a. As we have just suggested, so long as the only 
source of non-convexity is the presence of detrimental externalities, 
such a point can be sustained as a tax-adjusted competition equilibrium, 
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in which producers are maximizing profits and individuals utility in 
the small and in the large. 

However, note that, while convexity of preferences suffices to assure 
us that an equilibrium which maximizes the value of output at consumer 
prices over all feasible output vectors is Pareto-optimal (i.e. social- 
welfare-maximizing for some individualistic welfare function), the 
converse does not hold. It js no longer true that the availability of 
outputs that are more valuable (at current equilibrium consumer prices) 
implies that current output is not Pareto-optimal. In Figure 6a, for 
example, feasible outputs to the north-east of PP’ are more valuable than 
output 7, yet are socially inferior. A Pigovian-tax-compensated 
competitive equilibrium may thus be globally Pareto-optimal, as 1s T 
of Figure 6a; or a global minimum of social welfare among outputs 
which are technically efficient, as is S in Figure 6b; or a local, but nota 
global, social welfare maximum, as is W in Figure 6b. 

In a world in which detrimental externalities are sufficiently severe 
to cause non-convexity of the social production possibility set, prices 
can no longer be depended upon to give us the right signals. Even if we 
know the entire set of feasible output vectors, equilibrium prices usually 
tell us nothing about the Pareto-optimality of current output or even the 
direction in which to seek improvement. While tax instruments will be 
effective in guiding the economy, the choice of the equilibrium point at 
which to settle must be made collectively by cost-benefit techniques. 
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APPENDIX 


A Formal Model of External Effects and Corrective Taxes 


In this Appendix we put forward a general definition of detrimental 
externalities of the sort discussed above. There is, of course, no single clear 
favourite among the possible generalizations of the effect whereby one 
single producer’s expansion of his single output affects adversely the input 
requirements of other producers. However, the definition we propose does 
seem appropriate and does contain the simple definition as a special case 
Armed with this definition we show that social efficiency requires individual 
efficiency when external effects are all detrimental. A producer’s net output 
vector (including negative entries for inputs) is “individually efficient’ if no 
dominating net output vector is available to him without changing some 
other producer’s net output choice. Finally, we show that when each individ- 
ual producer’s choice set is convex any socially efficient net output vector 
can be sustained by profit-maximizing production with externality-offsetting 
taxes, 

Let x'=x},..., x, be the net output vector of the ith producer, where 
negative entries represent net inputs. We assume that x! is chosen from a 
feasible set S‘. For the usual reasons (see, e.g. Quirk and Saposnik [6]) we 
assume that S' always includes the origin and the negative orthant of 
Euclidian n-space (free disposal), and that S‘ has no elements in the strictly 
positive orthant (no outputs without inputs). 

The size and shape of S‘ depend in general on the net output choices of 
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other producers. Let X stand for the matrix of net output choices of the m 
producers in the economy, whose k, jth element, x¥, is the net output of 
commodity j by producer k. We shall represent the dependence of S‘ on 
the choices of other producers as a functional relationship, mapping X into 
subsets of n-space, and denote this relationship by S'= S'(Y). Thus S'(X) is 
defined as the set {x'|xt,..., x'~1, x't1,...,x™}. We shall say that these 
relationships embody detrimental external effects if for any two different 
producers k and i 


A>12S%...Ax¥...)<S'CX), 


where (...Ax¥...) denotes the matrix obtained from X by replacing x} with 
Ax. This definition implies that a producer tends to hurt other producers 
by increasing the intensity of any net output or net input. Obviously a 
definition of beneficial external effects would be obtained by reversing the 
set inclusion sign in this definition. The definition could also be made 
specific to a particular element x’ so that some variables could exhibit 
detrimental, some beneficial, external effects. We confine our attention to 
relationships involving only detrimental externalities, which by the defini- 
tion, include the case of zero externality. 

Under this definition it follows trivially that socially efficient production 
(total net output of some one item maximized for any set of given totals of 
the other net outputs) requires efficiency on the part of each individual 
producer. For if a. producer has chosen an individually inefficient net output 
vector he can alter his choice in a way which preserves his net output but 
reduces his net input usage. Since the external effect of the latter action must 
in our case enhance the productive opportunities of the other producers, 
such a choice is clearly required by social efficiency. 

Since, by assumption, the feasible set of each producer, considering only 
variations in the vector under his control, is convex, any point in that set 
which is efficient from the producer’s point of view will be a profit-maximiz- 
ing choice for some vector of prices. And since, as we have just shown, any 
socially efficient point will be composed of a sum of points efficient for each 
producer, it follows that any socially efficient net output vector can be 
sustained as a profit-maximizing point for all producers if the prices are 
appropriately adjusted for each producer by a set of taxes. It remains only 
to show that the “‘appropriate’”’ taxes are precisely equal to the marginal 
external damages arising from changes in output and input choices. 

For this demonstration it will be convenient to assume that the feasible 
set of the ith producer is defined by the inequality f'(X)S0, where f* is a 
differentiable function. Recall that X is a matrix of which the typical 
element, x}, specifies the net output (negative for inputs) of the jth com- 
modity by the ith producer. Fixing net output vectors x’ for j#i, f'(X)=0 
defines the “private production possibility frontier” constraining x‘, the 
net output vector choice of the ith producer. By assumption, the set of 
vectors x! satisfying f/'‘(X) <0 in this case is convex. 

If the rows of the matrix X sum to a point on the social production 
possibility frontier, then it is a solution to the non-linear programming 


problem 


m 
maximize )) x4, 
x {=1 
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subject to 


S- S x50 (k=2, ...,7) 
{=1 4=1 


FHOOE UY | Wes 


By a simple extension of the Kuhn-Tucker theorem on optimization with 
inequality constraints, necessary conditions for a solution to this problem 
are that there exist non-negative multipliers A2,...,An, corresponding to the 
constraints requiring minimum amounts of commodities other than 
commodity 1, and y1,...,7m, Corresponding to the individual production 
constraints, such that 


Leased Gat, acm) 


An Zyifln= (k=1, eats m) 
=A, scan WE 


(The notation fj, stands for the partial derivative of f’ with respect to xi.) 
By the usual interpretation, A, equals the amount of commodity 1 (in effect 
here the numeraire commodity) obtained by a unit reduction in the amount 
of commodity j produced. The multiplier y, is the value (in commodity 1 
terms) of the extra output which could be obtained if firm &’s production 
constraint were relaxed by requiring f*(X) <1 instead of f*(X) $0. 

Consider next the profit-maximizing problem faced by producer i faced 
with a vector p of prices and a vector ¢' of taxes: 


m 
maximize >) (p;—1})x}, 
x! j=1 
subject to 
£Xxyso, 


where all variables other than the ‘‘own’’, vector, x', are treated as exo- 
genously fixed in the constraint. By the Kuhn-Tucker theorem, if x! is a 
solution there necessarily exists a non-negative multiplier, 5', such that 


Py— t5— 8f5 (X)=0 (j=1, ..., m). 


Furthermore, since the constraint set is convex, these conditions, together 
with the constraint, are sufficient as well as necessary for a constrained 
maximum. The multiplier 8! indicates the profit which would be Jost to the 
ith producer if his production constraint were “‘tightened’’ by one unit. 

Now we need only put the two problems together, If X is a set of individ- 
ual producer vectors summing to a point on the social production possibility 
function, use the Lagrange multipliers from the associated non-linear 
programming problem and set 


pi=l, Pa=Aa, ees Pn=An (=; «wie m) 


Peep (scat Stan: 


J#1 
j=1 
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We see that x! satisfies the necessary and sufficient conditions for a profit 


maximum for producer 4, with the multiplier 5' of his problem equal to j; in 
the economy-wide problem. 


To interpret this result note that, for ji, ff, is, in effect, the constriction 
in the jth production constraint per unit increase in the ith producer’s net 
output of the kth good. Hence y, fit, is the external cost, in numeraire units, 
of such an increase, imposed by the ith producer on the jth per unit increase 


m 
in x,, and & y,fi, is the total external social cost per unit increase in x}. 
$41 


Furthermore, since 6'=,, the external social cost will also exactly equal the 
marginal external profit loss per unit increase in output of X; by firm 
observed when the proper corrective taxes are applied. 
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THE PROBLEM OF SOCIAL COST 
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I. THe Prosptem To Bre ExamiInep! 


ile paper is concerned with those actions of business firms which have 
harmful effects on others. The standard example is that of a factory the smoke 
from which has harmful effects on those occupying neighbouring properties. 
The economic analysis of such a situation has usually proceeded in terms of a 
divergence between the private and social product of the factory, in which 
economists have largely followed the treatment of Pigou in The conomics of 
Welfare. The conclusions to which this kind of analysis seems to have led 
most economists is that it would be desirable to make the owner of the factory 
liable for the damage caused to those injured by the smoke, or alternatively, 
to place a tax on the factory owner varying with the amount of smoke pro- 
duced and equivalent in money terms to the damage it would cause, or finally, 
to exclude the factory from residential districts (and presumably from other 


* This article, although concerned with a technical problem of economic analysis, arose 
out of the study of the Political Economy of Broadcasting which I am now conducting. 
The argument of the present article was implicit in a previous article dealing with the 
problem of allocating radio and television frequencies (The Federal Communications 
Commission, 2 J. Law & Econ. [1959]) but comments which I have received seemed to 
suggest that it would be desirable to deal with the question in a more explicit way and 
without reference to the original problem for the solution of which the analysis was de- 
veloped. 
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areas in which the emission of smoke would have harmful effects on others). 
It is my contention that-the suggested courses of action are inappropriate, in 
that they lead to results which are not necessarily, or even usually, desirable. 


I. Tne Recrerocar NATuRE oF THE PROBLEM 


The traditional approach has tended to obscure the nature of the choice 
that has to be made. The question is commonly thought of as one in which A 
inflicts harm on B and what has to be decided is: how should we restrain A? 
But this is wrong. We are dealing with a problem of a reciprocal nature. To 
avoid the harm to B would inflict harm on A. The real question that has to be 
decided is: should A be allowed to harm B or should B be allowed to harm A? 
The problem is to avoid the more serious harm. I instanced in my previous 
article? the case of a confectioner the noise and vibrations from whose ma- 
chinery disturbed a doctor in his work. To avoid harming the doctor would 
inflict harm on the confectioner. The problem posed by this case was essential- 
ly whether it was worth while, as a result of restricting the methods of produc- 
tion which could be used by the confectioner, to secure more doctoring at the 
cost of a reduced supply of confectionery products. Another example is 
afforded by the problem of straying cattle which destroy crops on neighbour- 
ing land. If it is inevitable that some cattle will stray, an increase in the sup- 
ply of meat can only be obtained at the expense of a decrease in the supply of 
crops. The nature of the choice is clear: meat or crops. What answer should 
be given is, of course, not clear unless we know the value of what is obtained 
as well as the value of what is sacrificed to obtain it. To give another example, 
Professor George J. Stigler instances the contamination of a stream.’ If we 
assume that the harmful effect of the pollution is that it kills the fish, the 
question to be decided is: is the value of the fish lost greater or less than the 
value of the product which the contamination of the stream makes possible. 
It goes almost without saying that this problem has to be looked at in total 
and at the margin. 


Ill. Vue Pricinc System witH LIABILITY FOR DAMAGE 


I propose to start my analysis by examining a case in which most econo- 
mists would presumably agree that the problem would be solved in a com- 
pletely satisfactory manner: when the damaging business has to pay for all 
damage caused and the pricing system works smoothly (strictly this means 
that the operation of a pricing system is without cost). 

A good example of the problem under discussion is afforded by the case of 
straying cattle which destroy crops growing on neighbouring land. Let us sup- 
pose that a farmer and a cattle-raiser are operating on neighbouring proper- 


* Coase, The Federal Communications Commission, 2 J. Law & Econ. 26-27 (1959). 


"G.J. Stigler, The Theory of Price 105 (1952). 
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ties. Let us further suppose that, without any fencing between the properties, 
an increase in the size of the cattle-raiser’s herd increases the total damage 
to the farmer’s crops. What happens to the marginal damage as the size of the 
herd increases is another matter. This depends on whether the cattle tend to 
follow one another or to roam side by side, on whether they tend to be more 
or less restless as the size of the herd increases and on other similar factors. 
For my immediate purpose, it is immaterial what assumption is made about 
marginal damage as the size of the herd increases. 

To simplify the argument, I propose to use an arithmetical example. I shall 
assume that the annual cost of fencing the farmer’s property is $9 and that 
the price of the crop is $1 per ton. Also, I assume that the relation between 
the number of cattle in the herd and the annual crop loss is as follows: 


Number in Herd Annual Crop Loss Crop Loss per Additional 
(Steers) (Tons) Steer (Tons) 
1 1 1 
2 3 2 
3 0 3 
+ 10 aa 


Given that the cattle-raiser is liable for the damage caused, the additional 
annual cost imposed on the cattle-raiser if he increased his herd from, say, 2 
to 3 steers is $3 and in deciding on the size of the herd, he will take this into 
account along with his other costs. That is, he will not increase the size of the 
herd unless the value of the additional meat produced (assuming that the 
cattle-raiser slaughters the cattle), is greater than the additional costs that 
this will entail, including the value of the additional crops destroyed. Of 
course, if, by the employment of dogs, herdsmen, aeroplanes, mobile radio and 
other means, the amount of damage can be reduced, these means will be 
adopted when their cost is less than the value of the crop which they prevent 
being lost. Given that the annual cost of fencing is $9, the cattle-raiser who 
wished to have a herd with 4 steers or more would pay for fencing to be 
erected and maintained, assuming that other means of attaining the same end 
would not do so more cheaply. When the fence is erected, the marginal cost 
due to the liability for damage becomes zero, except to the extent that an 
increase in the size of the herd necessitates a stronger and therefore more 
expensive fence because more steers are liable to lean against it at the same 
time. But, of course, it may be cheaper for the cattle-raiser not to fence and to 
pay for the damaged crops, as in my arithmetical example, with 3 or fewer 
steers. 

It might be thought that the fact that the cattle-raiser would pay for all 
crops damaged would lead the farmer to increase his planting if a cattle-raiser 
came to occupy the neighbouring property. But this is not so. Tf the crop was 
previously sold in conditions of perfect competition, marginal cost was equal 
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to price for the amount of planting undertaken and any expansion would have 
reduced the profits of the farmer. Tn the new situation, the existence of crop 
damage would mean that the farmer would sell less on the open market but 
his receipts for a given production would remain the same, since the cattle- 
raiser would pay the market price for any crop damaged. Of course, if cattle- 
raising commonly involved the destruction of crops, the coming into existence 
of a catUle-raising industry might raise the price of the crops involved and 
farmers would then extend their planting. But I wish to confine my attention 
to the individual farmer. 

I have said that the occupation of a neighbouring property by a cattle- 
raiser would not cause the amount of production, or perhaps more exactly the 
amount of planting, by the farmer to increase. In fact, if the cattle-raising has 
any effect, it will be to decrease the amount of planting. The reason for this 
is that, for any given tract of land, if the value of the crop damaged is so 
great that the receipts from the sale of the undamaged crop are less than the 
total costs of cultivating that tract of Jand, it will be profitable for the farmer 
and the cattle-raiser to make a bargain whereby that tract of land is left un- 
cultivated. This can be made clear by means of an arithmetical example. 
Assume initially that the value of the crop obtained from cultivating a given 
tract of land is $12 and that the cost incurred in cultivating this tract of land 
is $10, the net gain from cultivating the land being $2. I assume for purposes 
of simplicity that the farmer owns the land. Now assume that the cattle- 
raiser starts operations on the neighbouring property and that the value of the 
crops damaged is $1. In this case $11 is obtained by the farmer from sale on 
the market and $1 is obtained from the cattle-raiser for damage suffered and 
the net gain remains $2. Now suppose that the cattle-raiser finds it profitable 
to increase the size of his herd, even though the amount of damage rises to $3; 
which means that the value of the additional meat production is greater than 
the additional costs, including the additional $2 payment for damage. But the 
total payment for damage is now $3. The net gain to the farmer from cultivat- 
ing the land is still $2. The cattle-raiser would be better off if the farmer 
would agree not to cultivate his land for any payment Jess than $3. The 
farmer would be agreeable to not cultivating the land for any payment greater 
than $2. There is clearly room for a mutually satisfactory bargain which 
would lead to the abandonment of cultivation.4 But the same argument 
applies not only to the whole tract cultivated by the farmer but also to any 


‘The argument in the text has proceeded on the assumption that the alternative to 
cultivation of the crop is abandonment of cultivation altogether. But this need not be so. 
There may be crops which are less liable to damage by cattle but which would not be as 
profitable as the crop grown in the absence of damage. Thus, if the cultivation of a new 
crop would yield a return to the farmer of $1 instead of $2, and the size of the herd which 
would cause $3 damage with the old crop would cause $1 damage with the new crop, it 
would be profitable to the cattle-raiser to pay any sum less than $2 to induce the farmer 
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subdivision of it. Suppose, for example, that the cattle have a well-defined 
route, say, to a brook or to a shady area. In these circumstances, the amount 
of damage to the crop along the route may well be great and if so, it could be 
that the farmer and the cattle-raiser would find it profitable to make a bargain 
whereby the farmer would agree not to cultivate this strip of land. 

But this raises a further possibility. Suppose that there is such a well- 
defined route. Suppose further that the value of the crop that would be ob- 
tained by cultivating this strip of land is $10 but that the cost of cultivation 
is $11. In the absence of the cattle-raiser, the land would not be cultivated. 
However, given the presence of the cattle-raiser, it could well be that if the 
strip was cultivated, the whole crop would be destroyed by the cattle. In 
which case, the cattle-raiser would be forced to pay $10 to the farmer. It is 
true that the farmer would lose $1. But the cattle-raiser would lose $10. Clear- 
ly this is a situation which is not likely to last indefinitely since neither party 
would want this to happen. The aim of the farmer would be to induce the 
cattle-raiser to make a payment in return for an agreement to leave this land 
uncultivated. The farmer would not be able to obtain a payment greater than 
the cost of fencing off this piece of land nor so high as to lead the cattle- 
raiser to abandon the use of the neighbouring property. What payment would 
in fact be made would depend on the shrewdness of the farmer and the cattle- 
raiser as bargainers. But as the payment would not be so high as to cause the 
cattle-raiser to abandon this location and as it would not vary with the size 
of the herd, such an agreement would not affect the allocation of resources but 
would merely alter the distribution of income and wealth as between the 
cattle-raiser and the farmer. 

I think it is clear that if the cattle-raiser is liable for damage caused and 
the pricing system works smoothly, the reduction in the value of production 
elsewhere will be taken into account in computing the additional cost involved 
in increasing the size of the herd. This cost will be weighed against the value 
of the additional meat production and, given perfect competition in the cattle 
industry, the allocation of resources in cattle-raising will be optimal. What 
needs to be emphasized is that the fall in the value of production elsewhere 
which would be taken into account in the costs of the cattle-raiser may well 
be less than the damage which the cattle would cause to the crops in the ordi- 
nary course of events. This is because it is possible, as a result of market 
transactions, to discontinue cultivation of the land. This is desirable in all 


to change his crop (since this would reduce damage liability from $3 to $1) and it would 
be profitable for the farmer to do so if the amount received was more than $1 (the reduc- 
tion in his return caused by switching crops). In fact, there would be room for a mutually 
satisfactory bargain in all cases in which a change of crop would reduce the amount of 
damage by more than it reduces the value of the crop (excluding damage)—in all cases, 
that is, in which a change in the crop cultivated would lead to an increase in the value of 
production. 
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cases in which the damage that the cattle would cause, and for which the 
cattle-raiser would be willing to pay, exceeds the amount which the farmer 
would pay for use of the land. In conditions of perfect competition, the 
amount which the farmer would pay for the use of the land is equal to the 
difference between the value of the total production when the factors are 
employed on this land and the value of the additional product yielded in their 
next best use (which would be what the farmer would have to pay for the 
factors). If damage exceeds the amount the farmer would pay for the use of 
the land, the value of the additional product of the factors employed elsewhere 
would exceed the value of the total product in this use after damage is taken 
into account. It follows that it would be desirable to abandon cultivation of 
the land and to release the factors employed for production elsewhere. A 
procedure which merely provided for payment for damage to the crop caused 
by the cattle but which did not allow for the possibility of cultivation being 
discontinued would result in too small an employment of factors of produc- 
tion in cattle-raising and too large an employment of factors in cultivation of 
the crop. But given the possibility of market transactions, a situation in which 
damage to crops exceeded the rent of the land would not endure. Whether 
the cattle-raiser pays the farmer to Jeave the Jand uncultivated or himself rents 
the land by paying the Jand-owner an amount slightly greater than the 
farmer would pay (if the farmer was himself renting the land), the final result 
would be the same and would maximise the value of production. ven when 
the farmer is induced to plant crops which it would not be profitable to culti- 
vate for sale on the market, this will be a purely short-term phenomenon and 
may be expected to lead to an agreement under which the planting will cease. 
The cattle-raiser will remain in that location and the marginal cost of meat 
production will be the same as before, thus having no long-run effect on the 
allocation of resources. 


IV. Tur Pricinc System witH No LiaA,iriry ror DAMAGE 


1 now turn to the case in which, although the pricing system is assumed to 
work smoothly (that is, costlessly), the damaging business is not liable for 
any of the damage which it causes. This business does not have to make a 
payment to those damaged by its actions. I propose to show that the alloca- 
tion of resources will be the same in this case as it was when the damaging 
business was liable for damage caused. As I showed in the previous case that 
the allocation of resources was optimal, it will not be necessary to repeat this 
part of the argument. 

I return to the case of the farmer and the cattle-raiser. The farmer would 
suffer increased damage to his crop as the size of the herd increased. Suppose 
that the size of the cattle-raiser’s herd is 3 steers (and that this is the size of 
the herd that would be maintained if crop damage was not taken into 
account). Then the farmer would be willing to pay up to $3 if the cattle- 
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raiser would reduce his herd to 2 steers, up to $5 if the herd were reduced to 
1 steer and would pay up to $6 if cattle-raising was abandoned. The cattle- 
raiser would therefore receive $3 from the farmer if he kept 2 steers instead of 
3. This $3 foregone is therefore part of the cost incurred in keeping the third 
steer. Whether the $3 is a payment which the cattle-raiser has to make if he 
adds the third steer to his herd (which it would be if the cattle-raiser was 
liable to the farmer for damage caused to the crop) or whether it is a sum of 
money which he would have received if he did not keep a third steer (which 
it would be if the cattle-raiser was not liable to the farmer for damage caused 
to the crop) does not affect the final result. In both cases $3 is part of the 
cost of adding a third steer, to be included along with the other costs. If the 
increase in the value of production in cattle-raising through increasing the size 
of the herd from 2 to 3 is greater than the additional costs that have to be 
incurred (including the $3 damage to crops), the size of the herd will be in- 
creased. Otherwise, it will not. The size of the herd will be the same whether 
the cattle-raiser is liable for damage caused to the crop or not. 

It may be argued that the assumed starting point—a herd of 3 steers—was 
arbitrary. And this is true. But the farmer would not wish to pay to avoid 
crop damage which the cattle-raiser would not be able to cause. For example, 
the maximum annual payment which the farmer could be induced to pay 
could not exceed $9, the annual cost of fencing. And the farmer would only be 
willing to pay this sum if it did not reduce his earnings to a level that would 
cause him to abandon cultivation of this particular tract of land. Furthermore, 
the farmer would only be willing to pay this amount if he believed that, in the 
absence of any payment by him, the size of the herd maintained by the cattle 
raiser would be 4 or more steers. Let us assume that this is the case. Then the 
farmer would be willing to pay up to $3 if the cattle raiser would reduce his 
herd to 3 steers, up to $6 if the herd were reduced to 2 steers, up to $8 if one 
steer only were kept and up to $9 if cattle-raising were abandoned. It will be 
noticed that the change in the starting point has not altered the amount which 
would accrue to the cattle-raiser if he reduced the size of his herd by any 
given amount. It is still true that the cattle-raiser could receive an additional 
$3 from the farmer if he agreed to reduce his herd from 3 steers to 2 and that 
the $3 represents the value of the crop that would be destroyed by adding the 
third steer to the herd. Although a different belief on the part of the farmer 
(whether justified or not) about the size of the herd that the cattle-raiser 
would maintain in the absence of payments from him may affect the total 
payment he can be induced to pay, it is not true that this different belief 
would have any effect on the size of the herd that the cattle-raiser will actually 
keep. This will be the same as it would be if the cattle-raiser had to pay for 
damage caused by his cattle, since a receipt foregone of a given amount is the 
equivalent of a payment of the same amount. 

It might be thought that it would pay the cattle-raiser to increase his herd 
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above the size that he would wish to maintain once a bargain had been made, 
in order to induce the farmer to make a larger total payment. And this may 
be true. It is similar in nature to the action of the farmer (when the cattle- 
raiser was liable for damage) in cultivating Jand on which, as a result of an 
agreement with the cattle-raiser, planting would subsequently be abandoned 
(including Jand which would not be cultivated at all in the absence of cattle- 
raising). But such manoeuvres are preliminaries to an agreement and do not 
affect the long-run equilibrium position, which is the same whether or not the 
cattle-raiser is held responsible for the crop damage brought about by his 
cattle. 

It is necessary to know whether the damaging business is liable or not for 
damage caused since without the establishment of this initial delimitation of 
rights there can be no market transactions to transfer and recombine them. 
But the ultimate result (which maximises the value of production) is inde- 
pendent of the legal position if the pricing system is assumed to work without 
cost. 


V. Ture PropremM ILLustraten ANEW 


The harmful effects of the activities of a business can assume a wide variety 
of forms. An early English case concerned a building which, by obstructing 
currents of air, hindered the operation of a windmill.® A recent case in Florida 
concerned a building which cast a shadow on the cabana, swimming pool and 
sunbathing areas of a neighbouring hotel.° The problem of straying cattle 
and the damaging of crops which was the subject of detailed examination in 
the two preceding sections, although it may have appeared to be rather a 
special case, is in fact but one example of a problem which arises in many 
different guises. To clarify the nature of my argument and to demonstrate its 
general applicability, I propose to illustrate it anew by reference to four 
actual cases. 

Let us first reconsider the case of Sturges v. Bridgman‘ which I used as an 
illustration of the general problem in my article on “The Federal Communi- 
cations Commission.” In this case, a confectioner (in Wigmore Street) used 
two mortars and pestles in connection with his business (one had been in 
operation in the same position for more than 60 years and the other for more 
than 26 years). A doctor then came to occupy neighbouring premises (in 
Wimpole Street). The confectioner’s machinery caused the doctor no harm 
until, eight years after he had first occupied the premises, he built a consulting 
room at the end of his garden right against the confectioner’s kitchen. It was 
then found that the noise and vibration caused by the confectioner’s machin- 


5 See Gale on Easements 237-39 (13th ed. M, Bowles 1959). 
*See Fontainebleu Hotel Corp. v. Forty-Five Twenty-Five, Inc., 114 So. 2d 357 (1959). 


711 Ch. D. 852 (1879). 
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ery made it difficult for the doctor to use his new consulting room. “Tn partic- 
ular .. . the noise prevented him from examining his patients by auscultation® 
for diseases of the chest. He also found it impossible to engage with effect in 
any occupation which required thought and attention.” The doctor therefore 
brought a legal action to force the confectioner to stop using his machinery. 
The courts had little difficulty in granting the doctor the injunction he 
sought. “Individual cases of hardship may occur in the strict carrying out of 
the principle upon which we found our judgment, but the negation of the 
principle would lead even more to individual hardship, and would at the same 
time produce a prejudicial effect upon the development of land for residential 
purposes.” 

The court’s decision established that the doctor had the right to prevent 
the confectioner from using his machinery. But, of course, it would have been 
possible to modify the arrangements envisaged in the legal ruling by means of 
a bargain between the parties. The doctor would have been willing to waive 
his right and allow the machinery to continue in operation if the confectioner 
would have paid him a sum of money which was greater than the loss of in- 
come which he would suffer from having to move to a more costly or less con- 
venient location or from having to curtail his activities at this location or, as 
was suggested as a possibility, from having to build a separate wall which 
would deaden the noise and vibration. The confectioner would have been will- 
ing to do this if the amount he would have to pay the doctor was less than the 
fall in income he would suffer if he had to change his mode of operation at 
this location, abandon his operation or move his confectionery business to 
some other location. The solution of the problem depends essentially on 
whether the continued use of the machinery adds more to the confectioner’s 
income than it subtracts from the doctor’s.” But now consider the situation if 
the confectioner had won the case. The confectioner would then have had the 
right to continue operating his noise and vibration-generating machinery 
without having to pay anything to the doctor. The boot would have been on 
the other foot: the doctor would have had to pay the confectioner to induce 
him to stop using the machinery. If the doctor’s income would have fallen 
more through continuance of the use of this machinery than it added to the 
income of the confectioner, there would clearly be room for a bargain whereby 
the doctor paid the confectioner to stop using the machinery. That is to say, 
the circumstances in which it would not pay the confectioner to continue to 
use the machinery and to compensate the doctor for the losses that this would 
bring (if the doctor had the right to prevent the confectioner’s using his 

* Auscultation is the act of listening by ear or stethoscope in order to judge by sound 
the condition of the body. 


*Note that what is taken into account is the change in income :fler allowing for altera- 
tions in methods of production, location, character of product, etc. 
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machinery) would be those in which it would be in the interest of the doctor 
to make a payment to thé confectioner which would induce him to discontinue 
the use of the machinery (if the confectioner had the right to operate the 
machinery). The basic conditions are exactly the same in this case as they 
were in the example of the cattle which destroyed crops. With costless market 
transactions, the decision of the courts concerning liability for damage would 
be without effect on the allocation of resources. It was of course the view 
of the judges that they were affecting the working of the economic system— 
and in a desirable direction. Any other decision would have had “a _prej- 
udicial effect upon the development of land for residential purposes,” an 
argument which was elaborated by examining the example of a forge op- 
erating on a barren moor, which was later developed for residual pur- 
poses. The judges’ view that they were settling how the land was to be 
used would be true only in the case in which the costs of carrying out the 
necessary market transactions exceeded the gain which might be achieved by 
any rearrangement of rights. And it would be desirable to preserve the areas 
(Wimpole Street or the moor) for residential or professional use (by giving 
non-industrial users the right to stop the noise, vibration, smoke, etc., by in- 
junction) only if the value of the additional residential facilities obtained was 
greater than the value of cakes or iron lost. But of this the judges seem to 
have been unaware. 

Another example of the same problem is furnished by the case of Cooke v. 
Forbes.‘° One process in the weaving of cocoa-nut fibre matting was to im- 
merse it in bleaching liquids after which it was hung out to dry. Fumes from 
a manufacturer of sulphate of ammonia had the effect of turning the matting 
from a bright to a dull and blackish colour. The reason for this was that the 
bleaching liquid contained chloride of tin, which, when affected by sul- 
phuretted hydrogen, is turned to a darker colour. An injunction was sought 
to stop the manufacturer from emitting the fumes. The lawyers for the de- 
fendant argued that if the plaintiff “were not to use ... a particular bleaching 
liquid, their fibre would not be affected; that their process is unusual, not 
according to the custom of the trade, and even damaging to their own fabrics.” 
The judge commented: “. . . it appears to me quite plain that a person has a 
right to carry on upon his own property a manufacturing process in which he 
uses chloride of tin, or any sort of metallic dye, and that his neighbour is not 
at liberty to pour in gas which will interfere with his manufacture. If it can 
be traced to the neighbour, then, I apprehend, clearly he will have a right to 
come here and ask for relief.” But in view of the fact that the damage was 
accidental and occasional, that careful precautions were taken and that there 
was no exceptional risk, an injunction was refused, leaving the plaintiff to 
bring an action for damages if he wished. What the subsequent developments 


TR. S Eq. 166 (1867-1868). 
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were | do not know. But it is clear that the situation is essentially the same 
as that found in Sturges v. Bridgman, except that the cocoa-nut fibre matting 
manufacturer could not secure an injunction but would have to seek damages 
from the sulphate of ammonia manufacturer. The economic analysis of the 
situation is exactly the same as with the cattle which destroyed crops. To 
avoid the damage, the sulphate of ammonia manufacturer could increase his 
precautions or move to another location. Either course would presumably 
increase his costs. Alternatively he could pay for the damage. This he would 
do if the payments for damage were less than the additional costs that would 
have to be incurred to avoid the damage. The payments for damage would 
then become part of the cost of production of sulphate of ammonia. Of course, 
if, as was suggested in the legal proceedings, the amount of damage could be 
eliminated by changing the bleaching agent (which would presumably in- 
crease the costs of the matting manufacturer) and if the additional cost was 
less than the damage that would otherwise occur, it should be possible for the 
two manufacturers to make a mutually satisfactory bargain whereby the new 
bleaching agent was used. Had the court decided against the matting manu- 
facturer, as a consequence of which he would have had to suffer the damage 
without compensation, the allocation of resources would not have been 
affected. It would pay the matting manufacturer to change his bleaching 
agent if the additional cost involved was less than the reduction in damage. 
And since the matting manufacturer would be willing to pay the sulphate of 
ammonia manufacturer an amount up to his loss of income (the increase in 
costs or the damage suffered) if he would cease his activities, this loss of in- 
come would remain a cost of production for the manufacturer of sulphate of 
ammonia. This case is indeed analytically exactly the same as the cattle 
example. 

Bryant v, Lefever' raised the problem of the smoke nuisance in a novel 
form. The plaintiff and the defendants were occupiers of adjoining houses, 
which were of about the same height. 


Before 1876 the plaintiff was able to light a fire in any room of his house without 
the chimneys smoking; the two houses had remained in the same condition some 
thirty or forty years. In 1876 the defendants took down their house, and began to 
rebuild it. They carried up a wall by the side of the plaintiff's chimneys much beyond 
its original height, and stacked timber on the roof of their house, and therchy 
caused the plaintiff’s chimneys to smoke whenever he lighted fires. 


The reason, of course, why the chimneys smoked was that the erection of the 
wall and the stacking of the timber prevented the free circulation of air. Ina 
trial before a jury, the plaintiff was awarded damages of £40, The case then 
went to the Court of Appeals where the judgment was reversed. Bramwell, 
LJ., argued: 


"4 CPD. 172 (1878-1879). 
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. +. It is said, and the jury have found, that the defendants have done that which 
caused a nuisance to the plaintiff's house. We think there is no evidence of this. No 
doubt there is a nuisance, but it is not of the defendant’s causing. They have done 
nothing in causing the nuisance. ‘Their house and their timber are harmless enough, 
It is the plaintiff who causes the nuisance by lighting a coal fire in a place the 
chimney of which is placed so near the defendants’ wall, that the smoke does not 
escape, but comes into the house. Let the plaintiff cease to light his fire, let him 
move his chimney, let him carry it higher, and there would be no nuisance. Who then, 
causes it? It would he very clear that the plaintiff did, if he had built his house 
or chimney after the defendants had put up the timber on theirs, and it is really 
the same though he did so before the timber was there. But (what is in truth the 
same answer), if the defendants cause the nuisance, they have a right to do so. If 
the plaintiff has not the right to the passage of air, except subject to the defendants’ 
right to build or put timber on their house, then his right is subject lo their right, 
and though a nuisance follows from the exercise of their right, they are not liable. 


And Cotton, L.J., said: 


Here it is found that the erection of the defendants’ wall has sensibly and ma- 
terially interfered with the comfort of human existence in the plaintiff's house, and 
it is said this is a nuisance for which the defendants are liable. Ordinarily this is so, 
but the defendants have done so, not by sending on to the plaintiff's property any 
smoke or noxious vapour, but by interrupting the egress of smoke from the plain- 


tiff's house in a way to which... the plaintiff has no legal right. The plaintiff creates . 


the smoke, which interferes with his comfort. Unless he has . . . a right to get rid 
of this in a particular way which has been interfered with by the defendants, he 
cannot sue the defendants, because the smoke made by himself, for which he has 
not provided any effectual means of escape, causes him annoyance. It is as if a man 
tried to get rid of liquid filth arising on his own land by a drain into his neighbour's 
land. Until a right had been acquired by user, the neighbour might stop the drain 
without incurring liability by so doing. No doubt great inconvenience would be 
caused to the owner of the property on which the liquid filth arises. But the act of 
his neighbour would be a lawful act, and he would not be liable for the consequences 
attributable to the fact that the man had accumulated filth without providing any 


effectual means of getting rid of it. 


I do not propose to show that any subsequent modification of the situation, 
as a result of bargains between the parties (conditioned by the cost of stack- 
ing the timber elsewhere, the cost of extending the chimney higher, etc.), 
would have exactly the same result whatever decision the courts had come to 
since this point has already been adequately dealt with in the discussion of the 
cattle example and the two previous cases. What I shall discuss is the argu- 
ment of the judges in the Court of Appeals that the smoke nuisance was not 
caused by the man who erected the wall but by the man who lit the fires. The 
novelty of the situation is that the smoke nuisance was suffered by the man 
who lit the fires and not by some third person. The question is not a trivial 
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one since it lies at the heart of the problem under discussion. Who caused the 
smoke nuisance? The answer seems fairly clear. The smoke nuisance was 
caused both by the man who built the wall and by the man who lit the fires. 
Given the fires, there would have been no smoke nuisance without the wall; 
given the wall, there would have been no smoke nuisance without the fires. 
Eliminate the wall or the fires and the smoke nuisance would disappear. On 
the marginal principle it is clear that both were responsible and both should 
be forced to include the loss of amenity due to the smoke as a cost in deciding 
whether to continue the activity which gives rise to the smoke. And given the 
possibility of market transactions, this is what would in fact happen. Al- 
though the wall-builder was not liable legally for the nuisance, as the man 
with the smoking chimneys would presumably be willing to pay a sum equal 
to the monetary worth to him of eliminating the smoke, this sum would there- 
fore become for the wall-builder, a cost of continuing to have the high wall 
with the timber stacked on the roof. 

The judges’ contention that it was the man who lit the fires who alone 
caused the smoke nuisance is true only if we assume that the wall is the given 
factor. This is what the judges did by deciding that the man who erected the 
higher wall had a legal right to do so. The case would have been even more 
interesting if the smoke from the chimneys had injured the timber. Then it 
would have been the wall-builder who suffered the damage. The case would 
then have closely paralleled Sturges v. Bridgman and there can be little doubt 
that the man who lit the fires would have been liable for the ensuing damage 
to the timber, in spite of the fact that no damage had occurred until the high 
wall was built by the man who owned the timber. 

Judges have to decide on legal liability but this should not confuse econo- 
mists about the nature of the economic problem involved. In the case of the 
cattle and the crops, it is true that there would be no crop damage without the 
cattle. It is equally true that there would be no crop damage without the 
crops. The doctor’s work would not have been disturbed if the confectioner had 
not worked his machinery; but the machinery would have disturbed no one if 
the doctor had not set up his consulting room in that particular place. The 
matting was blackened by the fumes from the sulphate of ammonia manufac- 
turer; but no damage would have occurred if the matting manufacturer had 
not chosen to hang out his matting in a particular place and to use a particu- 
lar bleaching agent. If we are to discuss the problem in terms of causation, 
both parties cause the damage. If we are to attain an optimum allocation of 
resources, it is therefore desirable that both parties should take the harmful 
effect (the nuisance) into account in deciding on their course of action. It is 
one of the beauties of a smoothly operating pricing system that, as has already 
been explained, the fall in the value of production due to the harmful effect 
would be a cost for both parties. 
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Bass v. Gregory"? will serve as an excellent final illustration of the problem. 
The plaintiffs were the owners and tenant of a public house called the Jolly 
Anglers. The defendant was the owner of some cottages and a yard adjoin- 
ing the Jolly Anglers. Under the public house was a cellar excavated in the 
rock. From the cellar, a hole or shaft had been cut into an old well situated 
in the defendant’s yard. ‘The well therefore became the ventilating shaft for 
the cellar. The cellar “had been used for a particular purpose in the process 
of brewing, which, without ventilation, could not be carried on.” The cause of 
the action was that the defendant removed a grating from the mouth of the 
well, “so as to stop or prevent the free passage of air from |the] cellar up- 
wards through the well... .” What caused the defendant to take this step 
is not clear from the report of the case. Perhaps “the air... impregnated by 
the brewing operations” which “passed up the well and out into the open 
air” was offensive to him. Al any rate, he preferred to have the well in his 
yard stopped up. The court had first to determine whether the owners of the 
public house could have a legal right to a current of air. If they were to 
have such a right, this case would have to be distinguished from Bryant v. 
Lefever (already considered). This, however, presented no difficulty. In this 
case, the current of air was confined to “a strictly defined channel.” In the 
case of Bryant v. Lefever, what was involved was “the general current of 
air common to all mankind.” The judge therefore held that the owners of 
the public house could have the right to a current of air whereas the owner 
of the private house in Bryant v. Lefever could not. An economist might be 
tempted to add “but the air moved all the same.” However, all that had been 
decided at this stage of the argument was that there could be a legal right, 
not that the owners of the public house possessed it. But evidence showed 
that the shaft from the cellar to the well had existed for over forty years and 
that the use of the well as a ventilating shaft must have been known to the 
owners of the yard since the air, when it emerged, smelt of the brewing 
operations. The judge therefore held that the public house had such a right 
by the “doctrine of lost grant.” This doctrine states “that if a legal right is 
proved to have existed and been exercised for a number of years the law 
ought to presume that it had a legal origin.”'* So the owner of the cottages 
and yard had to unstop the well and endure the smell. 


"25 Q.B.D. 481 (1890). 

“Tt may be asked why a lost grant could not also be presumed in the case of the con- 
fectioner who had operated one mortar for more than 60 years. The answer is that until 
the doctor built the consulting room at the end of his garden there was no nuisance. So 
the nuisance had not continued for many years. It is true that the confectioner in his 
affidavit referred to “an invalid lady who occupied the house upon one occasion, about 
thirty years before” who “requested him if possible to discontinue the use of the mortars 
before vight o'clock in the morning” and that there was some evidence that the garden wall 
had been subjected to vibration. But the court had little difficulty in disposing of this line 
of argument: “ .. this vibration, even if it existed at all, was so slight, and the com- 


81 


82 The Economics of the Environment 
OO 


THE PROBLEM OF SOCIAL COST 15 


The reasoning employed by the courts in determining legal rights will often 
seem strange to an economist because many of the factors on which the 
decision turns are, to an economist, irrelevant. Because of this, situations 
which are, from an economic point of view, identical will be treated quite 
differently by the courts. The economic problem in all cases of harmful effects 
is how to maximise the value of production. In the case of Bass v. Gregory 
fresh air was drawn in through the well which facilitated the production of 
beer but foul air was expelled through the well which made life in the ad- 
joining houses less pleasant. The economic problem was to decide which to 
choose: a lower cost of beer and worsened amenities in adjoining houses or 
a higher cost of beer and improved amenities. In deciding this question, the 
“doctrine of lost grant” is about as relevant as the colour of the judge’s eyes. 
But it has to be remembered that the immediate question faced by the courts 
is not what shall be done by whom but who has the legal right to do what. 
It is always possible to modify by transactions on the market the initial legal 
delimitation of rights. And, of course, if such market transactions are costless, 
such a rearrangement of rights will always take place if it would lead to 
an increase in the value of production. 


VI. THE Cost oF Market TRANSACTIONS TAKEN INTO ACCOUNT 


The argument has proceeded up to this point on the assumption (explicit 
in Sections ITI and IV and tacit in Section V) that there were no costs in- 
volved in carrying out market transactions. This is, of course, a very un- 
realistic assumption. In order to carry out a market transaction it is necessary 
to discover who it is that one wishes to deal with, to inform people that one 
wishes to deal and on what terms, to conduct negotiations leading up to a 
bargain, to draw up the contract, to undertake the inspection needed to make 
sure that the terms of the contract are being observed, and so on. These 
operations are often extremely costly, sufficiently costly at any rate to pre- 
vent many transactions that would be carried out in a world in which the 
pricing system worked without cost. 

In earlier sections, when dealing with the problem of the rearrangement of 
legal rights through the market, it was argued that such a rearrangement 
would be made through the market whenever this would lead to an increase 
in the value of production. But this assumed costless market transactions. 
Once the costs of carrying out market transactions are taken into account 
it is clear that such a rearrangement of rights will only be undertaken when 
the increase in the value of production consequent upon the rearrangement 


plaint, if it can be called a complaint, of the invalid lady . . . was of so trifling a character, 
that ... the Defendant’s acts would not have given rise to any proceeding either at law or 
in equity” (11 Ch.D. 863). That is, the confectioner had not committed a nuisance until 
the doctor built his consulting room. 
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is greater than the costs which would be involved in bringing it about. When 
it is less, the granting of an injunction (or the knowledge that it would be 
granted) or the liability to pay damages may result in an activity being dis- 
continued (or may prevent its being started) which would be undertaken if 
market transactions were costless. In these conditions the initial delimita- 
tion of legal rights does have an effect on the efficiency with which the eco- 
nomic system operates. One arrangement of rights may bring about a greater 
value of production than any other. But unless this is the arrangement of 
rights established by the legal system, the costs of reaching the same result 
by altering and combining rights through the market may be so great that 
this optimal arrangement of rights, and the greater value of production which 
it would bring, may never be achieved. The part played by economic con- 
siderations in the process of delimiting legal rights will be discussed in the 
next section. In this section, I will take the initial delimitation of rights and 
the costs of carrying out market transactions as given. 

It is clear that an alternative form of economic organisation which could 
achieve the same result at less cost than would be incurred by using the 
market would enable the value of production to be raised. As I explained 
many years ago, the firm represents such an alternative to organising pro- 
duction through market transactions.!4 Within the firm individual bargains 
between the various cooperating factors of production are eliminated and 
for a market transaction is substituted an administrative decision. The rear- 
rangement of production then takes place without the need for bargains 
between the owners of the factors of production. A landowner who has con- 
trol of a large tract of Jand may devote his land to various uses taking into 
account the effect that the interrelations of the various activities will have 
on the net return of the land, thus rendering unnecessary bargains between 
those undertaking the various activities. Owners of a large building or of 
several adjoining properties in a given area may act in much the same way. 
In effect, using our earlier terminology, the firm would acquire the legal 
rights of all the parties and the rearrangement of activities would not follow 
on a rearrangement of rights by contract, but as a result of an administrative 
decision as to how the rights should be used. 

It does not, of course, follow that the administrative costs of organising 
a transaction through a firm are inevitably less than the costs of the market 
transactions which are superseded. But where contracts are peculiarly diffi- 
cult to draw up and an attempt to describe what the parties have agreed to 
do or not to do (e.g. the amount and kind of a smell or noise that they may 
make or will not make) would necessitate a lengthy and highly involved 
document, and, where, as is probable, a long-term contract would be desir- 


“ See Coase, The Nature of the Firm, 4 Economica, New Series, 386 (1937). Reprinted in 
Readings in Price Theory, 331 (1952). 
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able;!° it would be hardly surprising if the emergence of a firm or the ex- 
tension of the activities of an existing firm was not the solution adopted on 
many occasions to deal with the problem of harmful effects. This solution 
would be adopted whenever the administrative costs of the firm were less than 
the costs of the market transactions that it supersedes and the gains which 
would result from the rearrangement of activities greater than the firm’s 
costs of organising them. I do not need to examine in great detail the char- 
acter of this solution since I have explained what is involved in my earlier 
article. 

But the firm is not the only possible answer to this problem. The admin- 
istrative costs of organising transactions within the firm may also be high, 
and particularly so when many diverse activities are brought within the 
control of a single organisation. In the standard case of a smoke nuisance, 
which may affect a vast number of people engaged in a wide variety of activi- 
ties, the administrative costs might well be so high as to make any attempt 
to deal with the problem within the confines of a single firm impossible. An 
alternative solution is direct Government regulation. Instead of instituting a 
legal system of rights which can be modified by transactions on the market, 
the government may impose regulations which state what people must or 
must not do and which have to be obeyed. Thus, the government (by statute 
or perhaps more likely through an administrative agency) may, to dea! with 
the problem of smoke nuisance, decree that certain methods of production 
should or should not be used (e.g. that smoke preventing devices should be 
installed or that coal or oil should not be burned) or may confine certain 
types of business to certain districts (zoning regulations). 

The government is, in a sense, a super-firm (but of a very special kind) 
since it is able to influence the use of factors of production by administrative 
decision. But the ordinary firm is subject to checks in its operations because 
of the competition of other firms, which might administer the same activities 
at lower cost and also because there is always the alternative of market trans- 
actions as against organisation within the firm if the administrative costs 
become too great. The government is able, if it wishes, to avoid the market 
altogether, which a firm can never do. The firm has to make market agree- 
ments with the owners of the factors of production that it uses. Just as the 
government can conscript or seize property, so it can decree that factors of 
production should only be used in such-and-such a way. Such authoritarian 
methods save a lot of trouble (for those doing the organising). Furthermore, 
the government has at its disposal the police and the other law enforcement 
agencies to make sure that its regulations are carried out. 

It is clear that the government has powers which might enable it to get 
some things done at a lower cost than could a private organisation (or at any 


For reasons explained in my earlier article, see Readings in Price Theory, n. 14 at 337. 
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rate one without special governmental powers). But the governmental ad- 
ministrative machine is not itself costless. It can, in fact, on occasion be 
extremely costly. Furthermore, there is no reason to suppose that the restric- 
live and zoning regulations, made by a fallible administration subject to 
political pressures and operating without any competitive check, will nec- 
essarily always be those which increase the efficiency with which the eco- 
nomic system operates. Furthermore, such general regulations which must 
apply to a wide variety of cases will be enforced in some cases in which they 
are clearly inappropriate. From these considerations it follows that direct 
governmental regulation will not necessarily give better results than leaving 
the problem to be solved by the market or the firm. But equally there is no 
reason why, on occasion, such governmental administrative regulation should 
not lead to an improvement in economic efficiency. This would seem particu- 
larly likely when, as is normally the case with the smoke nuisance, a large 
number of people are involved and in which therefore the costs of handling 
the problem through the market or the firm may be high. 

There is, of course, a further alternative, which is to do nothing about 
the problem at all. And given that the costs involved in solving the problem 
by regulations issued by the governmental administrative machine will often 
be heavy (particularly if the costs are interpreted to include all the conse- 
quences which follow from the Government engaging in this kind of activity), 
it will no doubt be commonly the case that the gain which would come from 
regulating the actions which give rise to the harmful effects will be less than 
the costs involved in Government regulation. 

The discussion of the problem of harmful effects in this section (when the 
costs of market transactions are taken into account) is extremely inadequate. 
But at least it has made clear that the problem is one of choosing the ap- 
propriate social arrangement for dealing with the harmful effects. All solutions 
have costs and there is no reason to suppose that government regulation is 
called for simply because the problem is not well handled by the market or 
the firm. Satisfactory views on policy can only come from a patient study 
uf how, in practice, the market, firms and governments handle the problem 
of harmful effects. Economists need to study the work of the broker in 
bringing parties together, the effectiveness of restrictive covenants, the prob- 
lems of the large-scale real-estate development company, the operation of Gov- 
ernment zoning and other regulating activities. It is my belief that economists, 
and policy-makers generally, have tended to over-estimate the advantages 
which come from governmental regulation. But this belief, even if justified, 
does not do more than suggest that government regulation should be cur- 
tailed. It does not tell us where the boundary line should be drawn. This, it 
seems to me, has to come from a detailed investigation of the actual results 
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of handling the problem in different ways. But it would be unfortunate if 
this investigation were undertaken with the aid of a faulty economic analysis. 
The aim of this article is to indicate what the economic approach to the 
problem should be. 


VII. Tue Lecat DELIMITATION OF RIGHTS AND THE ECONOMIC PROBLEM 


The discussion in Section V not only served to illustrate the argument but 
also afforded a glimpse at the legal approach to the problem of harmful 
effects. ‘The cases considered were all English but a similar selection of 
American cases could easily be made and the character of the reasoning would 
have been the same. Of course, if market transactions were costless, all that 
matters (questions of equity apart) is that the rights of the various parties 
should be well-defined and the results of legal actions easy to forecast. But 
as we have seen, the situation is quite different when market transactions are 
so costly as to make it difficult to change the arrangement of rights estab- 
lished by the law. In such cases, the courts directly influence economic 
activity. It would therefore seem desirable that the courts should understand 
the economic consequences of their decisions and should, insofar as this is 
possible without creating too much uncertainty about the legal position itself, 
take these consequences into account when making their decisions. Even 
when it is possible to change the legal delimitation of rights through market 
transactions, it is obviously desirable to reduce the need for such transactions 
and thus reduce the employment of resources in carrying them out. 

A thorough examination of the presuppositions of the courts in trying such 
cases would be of great interest but I have not been able to attempt it. 
Nevertheless it is clear from a cursory study that the courts have often 
recognized the economic implications of their decisions and are aware (as 
many economists are not) of the reciprocal nature of the problem. Further- 
more, from time to time, they take these economic implications into account, 
along with other factors, in arriving at their decisions. The American writers 
on this subject refer to the question in a more explicit fashion than do the 
British. Thus, to quote Prosser on Torts, a person may 


make use of his own property or .. . conduct his own affairs at the expense of some 
harm to his neighbors. He may operate a factory whose noise and smoke cause 
some discomfort to others, so long as he keeps within reasonable bounds. It is only: 
when his conduct is unreasonable, in the light of its utility and the harm which 
results [italics added], that it becomes a nuisance. .... As it was said in an ancient 
case in regard to candle-making in a town, “Le utility del chose excusera le noi- 
someness del stink.” 

The world must have factories, smelters, oil refineries, noisy machinery and 
blasting, even at the expense of some inconvenience to those in the vicinity and the 
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plaintiff may be required to accept some not unreasonable discomfort for the 
general good.!6 : 


The standard British writers do not state as explicitly as this that a com- 
parison between the utility and harm produced is an element in deciding 
whether a harmful effect should be considered a nuisance. But similar views, 
if less strongly expressed, are to be found.'? The doctrine that the harmful 
effect must be substantial before the court will act is, no doubt, in part a 
reflection of the fact that there will almost always be some gain to offset the 
harm. And in the reports of individual cases, it is clear that the judges have 
had in mind what would be lost as well as what would be gained in deciding 
whether to grant an injunction or award damages. Thus, in refusing to pre- 
vent the destruction of a prospect by a new building, the judge stated: 


I know no general rule of common law, which . . . says, that building so as to 
stop another’s prospect is a nuisance. Was that the case, there could be no great 
towns; and I must grant injunctions to all the new buildings in this town. . . .18 


In Webb v. Bird'® it was decided that it was not a nuisance to build a 
schoolhouse so near a windmill as to obstruct currents of air and hinder the 
working of the mill. An early case seems to have been decided in an opposite 
direction. Gale commented: 


In old maps of London a row of windmills appears on the heights to the north of 
London. Probably in the time of King James it was thought an alarming circum- 
stance, as affecting the supply of food to the city, that anyone should build so near 
them as to take the wind out from their sails.?° 


In one of the cases discussed in section V, Sturges v. Bridgman, it seems 
clear that the judges were thinking of the economic consequences of alterna- 
tive decisions. ‘To the argument that if the principle that they seemed to be 


following 


16 See W. L. Prosser, The Law of Torts 398-99, 412 (2d ed. 1955). The quotation about 
the ancient case concerning candle-making is taken from Sir James Fitzjames Stephen, A 
General View of the Criminal Law of England 106 (1890). Sir James Stephen gives no 
reference. He perhaps had in mind Rex. v. Ronkett, included in Seavey, Keeton and 
Thurston, Cases on Torts 604 (1950). A similar view to that expressed by Prosser is to be 
found in F. V. Harper and F. James, The Law of Torts 67-74 (1956); Restatement, Torts 
§§826, 827 and 828. 

17 See Winfield on Torts 541-48 (6th ed. T. KE. Lewis 1954) ; Salmond on the Law of Torts 
181-90 (12th ed. R.F.V. Heuston 1957); H. Street, The Law of Torts 221-29 (1959). 

Attorney General v. Doughty, 2 Ves. Sen. 453, 28 Eng. Rep. 290 (Ch. 1752). Compare 
in this connection the statement of an American judge, quoted in Prosser, op. cit. supra 
n. 16 at 413 n. 54: “Without smoke, Pittsburgh would have remained a very pretty village,” 
Musmanno, J,, in Versailles Borough v. McKeesport Coal & Coke Co., 1935, 83 Pitts. Leg. 
J. 379, 385. 

10 C.B. (NS.) 268, 142 Eng. Rep. 445 (1861); 13 C.B. (N.S.) 841, 143 Eng. Rep. 332 
(1863). 

™ See Gale on Easements 238, n. 6 (13th cd. M. Bowles 1959). 
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were carried out to its logical consequences, it would result in the most serious prac- 
tical inconveniences, for a man might go—say into the midst of the tanneries of 
Bermondsey, or into any other locality devoted to any particular trade or manufac- 
ture of a noisy or unsavoury character, and by building a private residence upon 
a vacant piece of land put a stop to such trade or manufacture altogether, 


the judges answered that 

whether anything is a nuisance or not is a question to be determined, not merely by 
an abstract consideration of the thing itself, but in reference to its circumstances; 
What would be a nuisance in Belgrave Square would not necessarily be so in Ber- 
mondsey; and where a locality is devoted to a particular trade or manufacture carried 
on by the traders or manufacturers in a particular and established manner not consti- 
tuting a public nuisance, Judges and juries would be justified in finding, and may be 
trusted to find, that the trade or manufacture so carried on in that locality is not a 
private or actionable wrong.7! 


That the character of the neighborhood is relevant in deciding whether some- 
thing is, or is not, a nuisance, is definitely established. 
He who dislikes the noise of traffic must not set up his abode in the heart of a 


great city. He who loves peace and quiet must not live in a locality devoted to 
the business of making boilers or steamships.*“ 


What has emerged has been described as “planning and zoning by the judici- 
ary.”=3 Of course there are sometimes considerable difficulties in applying 
the criteria.“! 

An interesting example of the problem is found in Adams v. Ursell** in 
which a fried fish shop in a predominantly working-class district was set up 
near houses of “a much better character.” England without fish-and-chips is 
a contradiction in terms and the case was clearly one of high importance. 
The judge commented: 


Tt was urged that an injunction would cause great hardship to the defendant 
and to the poor people who get food at his shop. The answer to that is that it does 
not follow that the defendant cannot carry on his business in another more suitable 
place somewhere in the neighbourhood. It by no means follows that because a 
fried fish shop is a nuisance in one place it is a nuisance in another. 


In fact, the injunction which restrained Mr. Ursell from running his shop 
did not even extend to the whole street. So he was presumably able to move 
to other premises near houses of “a much worse character,” the inhabitants 


"11 Ch.D. 865 (1879). 
* Salmond on the Law of Torts 182 (12th ed. R.F.V. Heuston 1957). 


“C. M. Haar, Land-Use Planning, A Casebook on the Use, Misuse, and Re-use of Urban 
Land 95 (1959). 

* See, for example, Rushmer vy, Polsue and Alfieri, Ltd. [1906] 1 Ch. 234, which deals with 
the case of a house in a quict situation in a noisy district. 


*°(1913] 1 Ch. 269. 
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of which would no doubt consider the availability of fish-and-chips to out- 
weigh the pervading odour and “fog or mist” so graphically described by 
the plaintiff. Had there been no other “more suitable place in the neighbour- 
hood,” the case would have been more difficult and the decision might have 
been different. What would “the poor people” have had for food? No Fenglish 
judge would have said: “Let them eat cake.” 

The courts do not always refer very clearly to the economic problem posed 
by the cases brought before them but it seems probable that in the interpre- 
tation of words and phrases like “reasonable” or “common or ordinary use” 
there is some recognition, perhaps largely unconscious and certainly not very 
explicit, of the economic aspects of the questions at issue. A good example 
of this would seem to be the judgment in the Court of Appeals in Andreae v. 
Selfridge and Company Ltd2* In this case, a hotel (in Wigmore Street) was 
situated on part of an island site. The remainder of the site was acquired by 
Selfridges which demolished the existing buildings in order to erect another 
in their place. The hotel suffered a loss of custom in consequence of the noise 
and dust caused by the demolition. The owner of the hotel brought an action 
against Selfridges for damages. In the lower court, the hotel was awarded 
oe 4,500 damages. ‘The case was then taken on appeal. 

The judge who had found for the hotel proprietor in the lower court said: 


I cannot regard what the defendants did on the site of the first operation as 
having been commonly done in the ordinary use and occupation of land or houses. 
It is neither usual nor common, in this country, for people to excavate a site to 
a depth of 60 feet and then to erect upon that site a steel framework and fasten 
the steel frames together with rivets. ... Nor is it, I think, a common or ordinary 
use of land, in this country, to act as the defendants did when they were dealing 
with the site of their second operation—namely, to demolish all the houses that 
they had to demolish, five or six of them I think, if not more, and to use for the 
purpose of demolishing them pneumatic hammers, 


Sir Wilfred Greene, M.R., speaking for the Court of Appeals, first noted 


that when one is dealing with temporary operations, such as demolition and re-build- 
ing, everybody has to put up with a certain amount of discomfort, because operations 
of that kind cannot be carried on at all without a certain amount of noise and a 
certain amount of dust. Therefore, the rule with regard to interference must be read 
subject to this qualification. ... 


He then referred to the previous judgment: 


With great respect to the learned judge, I take the view that he has not approached 
this matter from the correct angle. It seems to me that it is not possible to say... 
that the type of demolition, excavation and construction in which the defendant 
company was engaged in the course of these operations was of such an abnormal 
and unusual nature as to prevent the qualification to which I have referred coming 
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into operation. It seems to me that, when the rule speaks of the common or ordinary 
use of land, it does not mean that the methods of using land and building on it are in 
some way to be stabilised for ever. As time goes on new inventions or new methods 
enable land to be more profitably used, either by digging down into the earth or 
by mounting up into the skies. Whether, from other points of view, that is a matter 
which is desirable for humanity is neither here nor there; but it is part of the normal 
use of land, to make use upon your land, in the matter of construction, of what par- 
ticular type and what particular depth of foundations and particular height of 
building may be reasonable, in the circumstances, and in view of the developments 
of the day. . . . Guests at hotels are very easily upset. People coming to this hotel, 
who were accustomed to a quiet outlook at the back, coming back and finding demoli- 
tion and building going on, may very well have taken the view that the particular 
merit of this hotel no longer existed. That would be a misfortune for the plaintiff; 
but assuming that there was nothing wrong in the defendant company’s works, 
assuming the defendant company was carrying on the demolition and its building, 
productive of noise though it might be, with all reasonable skill, and taking all 
reasonable precautions not to cause annoyance to its neighbors, then the planitiff 
might lose all her clients in the hotel because they have lost the amenities of an open 
and quiet place behind, but she would have no cause of complaint... . [But those] 
who say that their interference with the comfort of their neighbors is justified 
because their operations are normal and usual and conducted with proper care and 
skill are under a specific duty . . . to use that reasonable and proper care and skill. 
It is not a correct attitude to take to say: ‘We will go on and do what we like until 
somebody complains!’ ... Their duty is to take proper precautions and to see that 
the nuisance is reduced to a minimum. It is no answer for them to say: ‘But this 
would mean that we should have to do the work more slowly than we would like to 
do it, or it would involve putting us to some extra expense.’ All these questions are 
matters of common sense and degree, and quite clearly it would be unreasonable to 
expect people to conduct their work so slowly or so expensively, for the purpose of 
preventing a transient inconvenience, that the cost and trouble would be prohibitive. 
...In this case, the defendant company’s attitude seems to have been to go on until 
somebody complained, and, further, that its desire to hurry its work and conduct it 
according to its own ideas and its own convenience was to prevail if there was a 
real conflict between it and the comfort of its neighbors. That . . . is not carrying 
out the obligation of using reasonable care and skill. ... The effect comes to this .. . 
the plaintiff suffered an actionable nuisance; . . . she is entitled, not to a nominal 
sum, but to a substantial sum, based upon those principles .. . but in arriving at the 
sum... I have discounted any loss of custom ... which might be due to the 
general loss of amenities owing to what was going on at the back. . . . 


The upshot was that the damages awarded were reduced from £4,500 to 
2000: 

The discussion in this section has, up to this point, been concerned with 
court decisions arising out of the common law relating to nuisance. Delimi- 
tation of rights in this area also comes about because of statutory enact- 
ments. Most economists would appear to assume that the aim of governmental 
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action in this field is to extend the scope of the Jaw of nuisance by designating 
as nuisances activities which would not be recognized as such by the common 
law. And there can be no doubt that some statutes, for example, the Public 
Health Acts, have had this effect. But not all Government enactments are 
of this kind. The effect of much of the legislation in this area is to protect 
businesses from the claims of those they have harmed by their actions. There 
is a long list of legalized nuisances. 

The position has been summarized in Halsbury’s Laws of England as 
follows: 


Where the legislature directs that a thing shall in all events be done or authorises 
certain works at a particular place for a specific purposes or grants powers with 
the intention that they shall be exercised, although leaving some discretion as to 
the mode of exercise, no action will lie at common law for nuisance or damage 
which is the inevitable result of carrying out the statutory powers so conferred. 
This is so whether the act causing the damage is authorised for public purposes or 
private profit. Acts done under powers granted by persons to whom Parliament has 
delegated authority to grant such powers, for example, under provisional orders 
of the Board of Trade, are regarded as having been done under statutory authority. 
In the absence of negligence it seems that a body exercising statutory powers will 
not be liable to an action merely because it might, by acting in a different way, have 
minimised an injury. 


Instances are next given of freedom from liability for acts authorized: 


An action has been held not to be against a body exercising its statutory powers 
without negligence in respect of the flooding of land by water escaping from water- 
courses, from water pipes, from drains, or from a canal; the escape of fumes from 
sewers; the escape of sewage: the subsidence of a road over a sewer; vibration or 
noise caused by a railway; fires caused by authorised acts; the pollution of a stream 
where statutory requirements to use the best known method of purifying before 
discharging the effluent have been satisfied; interference with a telephone or tele- 
graph system by an elctric tramway; the insertion of poles for tramways in the sub- 
soil; annoyance caused by: things reasonably necessary for the excavation of authorised 
works; accidental damage caused by the placing of a grating in a roadway; the 
escape of tar acid; or interference with the access of a frontager by a street shelter 
or safety railings on the edge of a pavement.?? 


The legal position in the United States would seem to be essentially the 
same as in England, except that the power of the legislatures to authorize 
what would otherwise be nuisances under the common law, at least without 
giving compensation to the person harmed, is somewhat more limited, as it 
is subject to constitutional restrictions.?* Nonetheless, the power is there 
and cases more or less identical with the English cases can be found. The 


“ See 30 Halsbury, Law of England 690-91 (3d ed. 1960), Article on Public Authorities 
and Public Officers. 


* See Prosser, op. cit. supra n. 16 at 421; Harper and James, op. cit. supra n. 16 at 86-87. 
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question has arisen in an acute form in connection with airports and the 
operation of aeroplanes. The case of Delta Air Corporation v. Kersey, Kersey 
v. City of Atlanta*® is a good example. Mr. Kersey bought land and built 
a house on it. Some years later the City of Atlanta constructed an airport 
on land immediately adjoining that of Mr. Kersey. It was explained that his 
property was “a quiet, peaceful and proper location for a home before the 
airport was built, but dust, noises and low flying of airplanes caused by the 
operation of the airport have rendered his property unsuitable as a home,” 
a state of affairs which was described in the report of the case with a wealth 
of distressing detail. The judge first referred to an earlier case, Thrasher v. 
City of Atlanta®® in which it was noted that the City of Atlanta had been 
expressly authorized to operate an airport. 


By this franchise aviation was recognised as a lawful business and also as an enter- 
prise affected with a public interest .. . all persons using [the airport] in the manner 
contemplated by law are within the protection and immunity of the franchise granted 
by the municipality. An airport is not a nuisance per se, although it might become 
such from the manner of its construction or operation. 


Since aviation was a lawful business affected with a public interest and the 
construction of the airport was autorized by statute, the judge next referred 
to Georgia Railroad and Banking Co. v. Maddox*! in which it was said: 


Where a railroad terminal yard is located and its construction authorized, under 
statutory powers, if it be constructed and operated in a proper manner, it cannot be 
adjudged a nuisance. Accordingly, injuries and inconveniences to persons residing 
near such a yard, from noises of locomotives, rumbling of cars, vibrations produced 
thereby, and smoke, cinders, soot and the like, which result from the ordinary and 
necessary, therefore proper, use and operation of such a yard, are not nuisances, 
but are the necessary concomitants of the franchise granted. 


In view of this, the judge decided that the noise and dust complained of by 
Mr. Kersey “may be deemed to be incidental to the proper operation of an 
airport, and as such they cannot be said to constitute a nuisance.” But the 
complaint against low flying was different: 


.. can it be said that flights ... at such a low height [25 to 50 feet above Mr. 
Kersey’s house] as to be imminently dangerous to... life and health . . . are a 
necessary concomitant of an airport? We do not think this question can be answered 
in the affirmative. No reason appears why the city could not obtain lands of an area 
[sufficiently large]... as not to require such low flights. ... For the sake of public 
convenience adjoining-property owners must suffer such inconvenience from noise 
and dust as result from the usual and proper operation of an airport, but their private 
rights are entitled to preference in the eyes of the law where the inconvenience is 
not one demanded by a properly constructed and operated airport. 


™ Supreme Court of Georgia. 193 Ga. 862, 20 S.E. 2d 245 (1942). 
al SiGag Slaw Zcaselie O17 (1934). 116 Ga. 64, 42 S.K. 315 (1902). 
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Of course this assumed that the City of Atlanta could prevent the low flying 
and continue to operate the airport. The judge therefore added: 


From all that appears, the conditions causing the low flying may be remedied; but 
if on the trial it should appear that it is indispensable to the public interest that the 
airport should continue to be operated in its present condition, it may be said that the 
petitioner should be denied injunctive relief. 


In the course of another aviation case, Smith v. New England Aircraft 
Co.,** the court surveyed the law in the United States regarding the legal- 
izing of nuisances and it is apparent that, in the broad, it is very similar to 
that found in England: 

It is the proper function of the legislative department of government in the exer- 
cise of the police power to consider the problems and risks that arise from the use 
of new inventions and endeavor to adjust private rights and harmonize conflicting 
interests by comprehensive statutes for the public welfare. . . . There are . 
analogies where the invasion of the airspace over underlying land by noise, smoke, 
vibration, dust and disagreeable odors, having been authorized by the legislative 
department of government and not being in effect a condemnation of the property 
although in some measure depreciating its market value, must be borne by the land- 
owner without compensation or remedy. Legislative sanction makes that lawful 
which otherwise might be a nuisance. Examples of this are damages to adjacent 
land arising from smoke, vibration and noise in the operation of a railroad... ; 
the noise of ringing factory bells ... ; the abatement of nuisances ... ; the erection 
of steam engines and furnaces . .. ; unpleasant odors connected with sewers, oil re- 
fining and storage of naphtha. ... 


Most economists seem to be unaware of all this. When they are prevented 
from sleeping at night by the roar of jet planes overhead (publicly author- 
ized and perhaps publicly operated), are unable to think (or rest) in the day 
because of the noise and vibration from passing trains (publicly authorized 
and perhaps publicly operated), find it difficult to breathe because of the 
odour from a local sewage farm (publicly authorized and perhaps publicly 
operated) and are unable to escape because their driveways are blocked by 
a road obstruction (without any doubt, publicly devised), their nerves frayed 
and mental balance disturbed, they proceed to declaim about the disad- 
vantages of private enterprise and the need for Government regulation. 

While most economists seem to be under a misapprehension concerning 
the character of the situation with which they are dealing, it is also the 
case that the activities which they would like to see stopped or curtailed may 
well be socially justified. It is all a question of weighing up the gains that 
would accrue from eliminating these harmful effects against the gains that 
accrue from allowing them to continue. Of course, it is likely that an exten- 
sion of Government economic activity will often lead to this protection against 


270 Mass. 511, 523, 170 N.I. 385, 390 (1930). 
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action for nuisance being pushed further than is desirable. For one thing, 
the Government is likely to look with a benevolent eye on enterprises which 
it is itself promoting. For another, it is possible to describe the committing of 
a nuisance by public enterprise in a much more pleasant way than when 
the same thing is done by private enterprise. In the words of Lord Justice 
Sir Alfred Denning: 


... the significance of the social revolution of today is that, whereas in the past 
the balance was much too heavily in favor of the rights of property and freedom of 
contract, Parliament has repeatedly intervened so as to give the public good its proper 
place.#3 


There can be little doubt that the Welfare State is likely to bring an 
extension of that immunity from liability for damage, which economists have 
been in the habit of condemning (although they have tended to assume that 
this immunity was a sign of too little Government intervention in the eco- 
nomic system). For example, in Britain, the powers of local authorities are 
regarded as being either absolute or conditional. In the first category, the 
local authority has no discretion in exercising the power conferred on it. 
“The absolute power may be said to cover all the necessary consequences of 
its direct operation even if such consequences amount to nuisance.” On the - 
other hand, a conditional power may only be exercised in such a way that 
the consequences do not constitute a nuisance. 


It is the intention of the legislature which determines whether a power is absolute 
or conditional. ... [As] there is the possibility that the social policy of the legis- 
lature may change from time to time, a power which in one era would be construed 
as being conditional, might in another era be interpreted as being absolute in order 
to further the policy of the Welfare State. This point is one which should be borne 
in mind when considering some of the older cases upon this aspect of the law of 
nuisance. 34 


Tt would seem desirable to summarize the burden of this long section. The 
problem which we face in dealing with actions which have harmful effects is 
not simply one of restraining those responsible for them. What has to be de- 
cided is whether the gain from preventing the harm is greater than the loss 
which would be suffered elsewhere as a result of stopping the action which 
produces the harm. In a world in which there are costs of rearranging tlie rights 
established by the legal system, the courts, in cases relating to nuisance, are, 
in effect, making a decision on the economic problem and determining how 
resources are to be employed. It was argued that the courts are conscious of 
this and that they often make, although not always in a very explicit fashion, 
a comparison between what would be gained and what lost by preventing 


™ See Sir Alfred Denning, Freedom Under the Law 71 (1949), 


“M. B. Cairns, The Law of Tort in Local Government 28-32 (1954). 
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actions which have harmful effects. But the delimitation of rights is also 
the result of statutory enactments. Here we also find evidence of an appreci- 
ation of the reciprocal nature of the problem, While statutory enactments 
add to the list of nuisances, action is also taken to legalize what would other- 
Wise be nuisances under the common law. The kind of situation which econo- 
mists are prone to consider as requiring corrective Government action is, 
in fact, often the result of Government action. Such action is not necessarily 
unwise. But there is a real danger that extensive Government intervention 
in the economic system may lead to the protection of those responsible for 
harmful effects being carried too far. 


VIII. Picou’s ‘TREATMENT IN “Turn ECONOMICS OF WELFARE” 


The fountainhead for the modern economic analysis of the problem dis- 
cussed in this article is Pigou’s Economics of Welfare and, in particular, that 
section of Part II which deals with divergences between social and private 
net products which come about because 


one person A, in the course of rendering some service, for which payment is made, 
to a second person B, incidentally also renders services or disservices to other persons 
(not producers of like services), of such a sort that payment cannot be exacted from 
the benefited parties or compensation enforced on behalf of the injured parties.*5 — 


Pigou tells us that his aim in Part II of The Economics of Welfare is 


to ascertain how far the free play of self-interest, acting under the existing legal 
system, tends to distribute the country’s resources in the way most favorable to the 
production of a Jarge national dividend, and how far it is feasible for State action 
to improve upon ‘natural’ tendencies.*% 


To judge from the first part of this statement, Pigou’s purpose is to discover 
whether any improvements could be made in the existing arrangements which 
determine the use of resources. Since Pigou’s conclusion is that improvements 
could be made, one might have expected him to continue by saying that he 
proposed to set out the changes required to bring them about. Instead, Pigou 
adds a phrase which contrasts “natural” tendencies with State action, which 
seems in some sense to equate the present arrangements with “natural” tend- 
encies and to imply that what is required to bring about these improvements 
is State action (if feasible). That this is more or less Pigou’s position is evi- 
dent from Chapter I of Part IJ.47 Pigou starts by referring to “optimistic 


A.C. Pigou, The Economics of Welfare 183 (4th cd. 1932). My references will all 
be to the fourth edition but the argument and examples examined in this article remained 
substantially unchanged from the first edition in 1920 to the fourth in 1932. A large part 
(but not all) of this analysis had appeared previously in Wealth and Welfare (1912). 


*° Td. at xii. 


* Id. at 127-30. 
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followers of the classical economists’®® who have argued that the value of 
production would be maximised if the Government refrained from any inter- 
ference in the economic system and the economic arrangements were those 
which came about “naturally.” Pigou goes on to say that if self-interest does 
sromote economic welfare, it is because human institutions have been devised 
to make it so. (This part of Pigou’s argument, which he develops with the 
aid of a quotation from Cannan, seems to me to be essentially correct.) 
Pigou concludes: 


But even in the most advanced States there are failures and imperfections. . . 
there are many obstacles that prevent a community’s resources from being distributed 

. in the most efficient way. ‘The study of these constitutes our present problem, 

. its purposes is essentially practical. It seeks to bring into clearer light some 
of the ways in which it now is, or eventually may become, feasible for governments 
to control the play of economic forces in such wise as to promote the economic 
welfare, and through that, the total welfare, of their citizens as a whole." 


Pigou’s underlying thought would appear to be: Some have argued that no 
State action is needed. But the system has performed as well as it has because 
of State action. Nonetheless, there are still imperfections. What additional 
State action is required? 

If this is a correct summary of Pigou’s position, its inadequacy can be 
demonstrated by examining the first example he gives of a divergence be- 
tween private and social products. 


It might happen ... that costs are thrown upon people not directly concerned, 
through, say, uncompensated damage done to surrounding woods by sparks from 
railway engines. All such effects must be included—some of them will be positive, 
others negative elements—in reckoning up the social net product of the marginal 
increment of any volume of resources turned into any use or place. 


The example used by Pigou refers to a real situation. In Britain, a railway 
does not normally have to compensate those who suffer damage by fire caused 
by sparks from an engine. Taken in conjunction with what he says in Chap- 
ter 9 of Part II, I take Pigou’s policy recommendations to be, first, that 
there should be State action to correct this “natural” situation and, second, 
that the railways should be forced to compensate those whose woods are burnt. 
If this is a correct interpretation of Pigou’s position, I would argue that the 
first recommendation is based on a misapprehension of the facts and that 
the second is not necessarily desirable. 


“In Wealth and Welfare, Pigou attributes the “optimism” to Adam Smith himself and 
not to his followers. He there refers to the “highly optimistic theory of Adam Smith that 
the national dividend, in given circumstances of demand and supply, tends ‘naturally’ 
toa maximum” (p. 104). 


” Pigou, op. cit. supra n, 35 at 129-30. 
w ldyat 134. 
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Let us consider the legal position. Under the heading “Sparks from en- 
gines,” we find the following in Halsbury’s Laws of England: 


Tf railway undertakers use steam engines on their railway without express 
statutory authority to do so, they are liable, irrespective of any negligence on their 
part, for fires caused by sparks from engines. Railway undertakers are, however, 
generally given statutory authority to use steam engines on their railway; according- 
ly, if an engine is constructed with the precautions which science suggests against 
fire and is used without negligence, they are not responsible at common law for 
any damage which may be done by sparks. . . . In the construction of an engine the 
undertaker is bound to use all the discoveries which science has put within its reach 
in order to avoid doing harm, provided they are such as it is reasonable to require 
the company to adopt, having proper regard to the likelihood of the damage and to 
the cost and convenience of the remedy; but it is not negligence on the part of an 
undertaker if it refuses to use an apparatus the efficiency of which is open to bona 
fide doubt. 


To this general rule, there is a statutory exception arising from the Railway 
(Fires) Act, 1905, as amended in 1923. This concerns agricultural land or 
agricultural crops. 


In such a case the fact that the engine was used under statutory powers does not 
affect the liability of the company in an action for the damage. ... These provisions, 
however, only apply where the claim for damage .. . does not exceed £& 200, [£& 100 
in the 1905 Act] and where written notice of the occurrence of the fire and the inten- 
tion to claim has been sent to the company within seven days of the occurrence of the 
damage and particulars of the damage in wriling showing the amount of the claim 
in money not exceeding & 200 have been sent to the company within twenty-one days. 


Agricultural Jand does not include moorland or buildings and agricultural 
crops do not include those led away or stacked.‘! I have not made a close 
study of the parliamentary history of this statutory exception, but to judge 
from debates in the House of Commons in 1922 and 1923, this exception was 
probably designed to help the smallholder.*? 

Let us return to Pigou’s example of uncompensated damage to surrounding 
woods caused by sparks from railway engines. This is presumably intended 
to show how it is possible “for State action to improve on ‘natural’ tend- 
encies.” If we treat Pigou’s example as referring to the position before 1905, 
or as being an arbitrary example (in that he might just as well have written 
“surrounding buildings” instead of “surrounding woods”), then it is clear 
that the reason why compensation was not paid must have been that the 
railway had statutory authority to run steam engines (which relieved it of 
liability for fires caused by sparks). That this was the legal position was 


"See 31 Halsbury, Laws of England 474-75 (3d ed. 1960), Article on Railways and 
Canals, from which this summary of the Iegal position, and all quotations, are taken. 


“2S¢e 152 H.C. Deb. 2622-63 (1922); 161 H.C. Deb. 2935-55 (1923). 
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established in 1860, in a case, oddly enough, which concerned the burning of 
surrounding woods by a railway,** and the law on this point has not been 
changed (apart from the one exception) by a century of railway legislation, 
including nationalisation. If we treat Pigou’s example of ‘uncompensated 
damage done to surrounding woods by sparks from railway engines” literally, 
and assume that it refers to the period after 1905, then it is clear that the 
reason why compensation was not paid must have been that the damage was 
more than £100 (in the first edition of The Economics of Welfare) or more 
than £200 (in later editions) or that the owner of the wood failed to notify 
the railway in writing within seven days of the fire or did not send particu- 
lars of the damage, in writing, within twenty-one days. In the real world, 
Pigou’s example could only exist as a result of a deliberate choice of the 
legislature. It is not, of course, easy to imagine the construction of a railway 
in a state of nature. The nearest one can get to this is presumably a railway 
which uses, steam engines ‘without express statutory authority.” ITowever, 
in this case the railway would be obliged to compensate those whose woods 
it burnt down. That is to say, compensation would be paid in the absence of 
Government action. The only circumstances in which compensation would 
not be paid would be those in which there had been Government action. It 
is strange that Pigou, who clearly thought it desirable that compensation 
should be paid, should have chosen this particular example to demonstrate 
how it is possible “for State action to improve on ‘natural’ tendencies.” 
Pigou seems to have had a faulty view of the facts of the situation. But 
it also seems likely that he was mistaken in his economic analysis. It is not 
necessarily desirable that the railway should be required to compensate those 
who suffer damage by fires caused by railway engines. I need not show here 
that, if the railway could make a bargain with everyone having property 
adjoining the railway line and there were no costs involved in making such 
bargains, it would not matter whether the railway was liable for damage 
caused by fires or not. This question has been treated at length in earlier 
sections, The problem is whether it would be desirable to make the railway 
liable in conditions in which it is too expensive for such bargains to be made. 
Pigou clearly thought it was desirable to force the railway to pay compensa- 
tion and it is easy to see the kind of argument that would have led him to 
this conclusion. Suppose a railway is considering whether to run an additional 
train or to increase the speed of an existing train or to install spark-prevent- 
ing devices on its engines. If the railway were not liable for fire damage, then, 
when making these decisions, it would not take into account as a cost the 
increase in damage resulting from the additional train or the faster train or 
the failure to install spark-preventing devices. This is the source of the «i- 


“Vaughan v. Taff Vale Railway Co., 3 H. and N, 743 (Ex. 1858) and 3 H. and N. 679 
(ix. 1860). 
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vergence between private and social net products. It results in the railway 
performing acts which will lower the value of total production—and which 
it would not do if it were liable for the damage. This can be shown by means 
of an arithmetical example. 

Consider a railway, which is not liable for damage by fires caused by 
sparks from its engines, which runs two trains per day on a certain line. 
Suppose that running one train per day would enable the railway to perform 
services worth $150 per annum and running two trains a day would enable 
the railway to perform services worth $250 per annum. Suppose further that 
the cost of running one train is $50 per annum and two trains $100 per annum. 
Assuming perfect competition, the cost equals the fall in the value of pro- 
duction elsewhere due to the. employment of additional factors of production 
by the railway. Clearly the railway would find it profitable to run two trains 
per day. But suppose that running one train per day would destroy by fire 
crops worth (on an average over the year) $60 and two trains a day would 
result in the destruction of crops worth $120. In these circumstances running 
one train per day would raise the value of total production but the running 
of a second train would reduce the value of total production. The second 
train would enable additional railway services worth $100 per annum to be 
performed. But the fall in the value of production elsewhere would be $110 
per annum; $50 as a result of the employment of additional factors of pro- 
duction and $60 as a result of the destruction of crops. Since it would be 
better if the second train were not run and since it would not run if the rail- 
way were liable for damage caused to crops, the conclusion that the railway 
should be made liable for the damage seems irresistable. Undoubtedly it is 
this kind of reasoning which underlies the Pigovian position. 

The conclusion that it would be better if the second train did not run is 
correct. The conclusion that it is desirable that the railway should be made 
liable for the damage it causes is wrong. Let us change our assumption 
concerning the rule of liability. Suppose that the railway is liable for damage 
from fires caused by sparks from the engine. A farmer on Jands adjoining 
the railway is then in the position that, if his crop is destroyed by fires caused 
by the railway, he will receive the market price from the railway; but if his 
crop is not damaged, he will receive the market price by sale. It therefore 
becomes a matter of indifference to him whether his crop is damaged by fire 
or not. The position is very different when the railway is noé liable. Any 
crop destruction through railway-caused fires would then reduce the receipts 
of the farmer. He would therefore take out of cultivation any land for which 
the damage is likely to be greater than the net return of the land (for reasons 
explained at length in Section JIT). A change from a regime in which the 
railway is not liable for damage to one in which it és liable is likely therefore 
to lead to an increase in the amount of cultivation on lands adjoining the 
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railway. It will also, of course, lead to an increase in the amount of crop 
destruction due to railway-caused fires. 

Let us return to our arithmetical example. Assume that, with the changed 
rule of liability, there is a doubling in the amount of crop destruction due to 
railway-caused fires. With one train per day, crops worth $120 would be 
destroyed each year and two trains per day would lead to the destruction of 
crops worth $240. We saw previously that it would not be profitable to run 
the second train if the railway had to pay $60 per annum as compensation 
for damage. With damage at $120 per annum the loss from running the 
second train would be $60 greater. But now let us consider the first train. 
The value of the transport services furnished by the first train is $150. The 
cost of running the train is $50. The amount that the railway would have to 
pay out as compensation for damage is $120. It follows that it would not 
be profitable to run any trains. With the figures in our example we reach 
the following result: if the railway is not liable for fire-damage, two trains per 
day would be run; if the railway is liable for fire-damage, it would cease 
operations altogether. Does this mean that it is better that there should be 
no railway? This question can be resolved by considering what would happen 
to the value of total production if it were decided to exempt the railway 
from liability for fire-damage, thus bringing it into operation (with two 
trains per day). 

The operation of the railway would enable transport services worth $250 
to be performed. It would also mean the employment of factors of production 
which would reduce the value of production elsewhere by $100. Furthermore 
it would mean the destruction of crops worth $120. The coming of the rail- 
way will also have led to the abandonment of cultivation of some land. Since 
we know that, had this land been cultivated, the value of the crops destroyed 
by fire would have been $120, and since it is unlikely that the total crop on 
this land would have been destroyed, it seems reasonable to suppose that the 
value of the crop yield on this land would have been higher than this. 
Assume it would have been $160. But the abandonment of cultivation would 
have released factors of production for employment elsewhere. All we know 
is that the amount by which the value of production elsewhere will increase 
will be less than $160. Suppose that it is $150. Then the gain from operating 
the railway would be $250 (the value of the transport services) minus $100 
(the cost of the factors of production) minus $120 (the value of crops de- 
stroyed by fire) minus $160 (the fall in the value of crop production due to 
the abandonment of cultivation) plus $150 (the value of production else- 
where of the released factors of production). Overall, operating the railway 
will increase the value of total production by $20. With these figures it is 
clear that it is better that the railway should not be liable for the damage 
it causes, thus enabling it to operate profitably. Of course, by altering the 
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figures, it could be shown that there are other cases in which it would be 
desirable that the railway should be liable for the damage it causes. It is 
cnough for my purpose to show that, from an economic point of vicw, a 
situation in which there is “uncompensated damage done to surrounding 
woods by sparks from railway engines” is not necessarily undesirable. 
Whether it is desirable or not depends on the particular circumstances. 

How is it that the Pigovian analysis seems to give the wrong answer? The 
reason is that Pigou does not seem to have noticed that his analysis is deal- 
ing with an entirely different question. The analysis as such is correct. But 
it is quite illegitimate for Pigou to draw the particular conclusion he does. 
The question at issue is not whether it is desirable to run an additional train 
or a faster train or to-install smoke-preventing devices; the question at 
issue is whether it is desirable to have a system in which the railway has to 
compensate those who suffer damage from the fires which it causes or one 
in which the railway does not have to compensate them. When an economist 
is comparing alternative social arrangements, the proper procedure is to 
compare the total social product yielded by these different arrangements. 
The comparison of private and social products is neither here nor there. A 
simple example will demonstrate this. Imagine a town in which there are 
traffic lights. A motorist approaches an intersection and stops because the 
light is red. There are no cars approaching the intersection on the other 
street. If the motorist ignored the red signal, no accident would occur and 
the total product would increase because the motorist would arrive earlier 
at his destination. Why does he not do this? The reason is that if he ignored 
the light he would be fined. The private product from crossing the street is 
less than the social product. Should we conclude from this that the total 
product would be greater if there were no fines for failing to obey traffic 
signals? Vhe VPigovian analysis shows us that it is possible to conceive of 
better worlds than the one in which we live. But the problem is to devise 
practical arrangements which will correct defects in one part of the system 
without causing more serious harm in other parts. 

I have examined in considerable detail one example of a divergence be- 
tween private and social products and I do not propose to make any further 
examination of Pigou’s analytical system. But the main discussion of the 
problem considered in this article is to be found in that part of Chapter 9 
in Part II which deals with Pigou’s second class of divergence and it is of 
interest to see how Pigou develops his argument. Pigou’s own description 
of this second class of divergence was quoted at the beginning of this section. 
Pigou distinguishes between the case in which a person renders services for 
which he receives no payment and the case in which a person renders dis- 
services and compensation is not given to the injured parties. Our main 
attention has, of course, centred on this second case. It is therefore rather 
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astonishing to find, as was pointed out to me by Professor Francesco Forte, 
that the problem of the smoking chimney—the “stock instance’’** or “class- 
room example’!® of the second case—is used by Pigou as an example of the 
first case (services rendered without payment) and is never mentioned, at 
any rate explicitly, in connection with the second case.’ Pigou points out 
that factory owners who devote resources to preventing their chimneys from 
smoking render services for which they receive no payment. The implication, 
in the light of Pigou’s discussion later in the chapter, is that a factory owner 
with a smokey chimney should be given a bounty to induce him to install 
smoke-preventing devices. Most modern economists would suggest that the 
owner of the factory with the smokey chimney should be taxed. It seems a 
pity that economists (apart from Professor Forte) do not scem to have 
noticed this feature of Pigou’s treatment since a realisation that the problem 
could be tackled in either of these two ways would probably have led to an 
explicit recognition of its reciprocal nature. 

In discussing the second case (disservices without compensation to those 
damaged), Pigou says that they are rendered “when the owner of a site in 
a residential quarter of a city builds a factory there and so destroys a great 
part of the amenities of neighbouring sites; or, in a less degree, when he 
uses his site in such a way as to spoil the lighting of the house opposite; 
or when he invests resources in erecting buildings in a crowded centre, which 
by contracting the air-space and the playing room of the neighbourhood, 
tend to injure the health and efficiency of the families living there.”47 Pigou 
is, of course, quite right to describe such actions as “uncharged disservices.” 
But he is wrong when he describes these actions as “anti-social.’48 They may 
or may not be. It is necessary to weigh the harm against the good that will 
result. Nothing could be more “anti-social” than to oppose any action which 
causes any harm to anyone. 

The example with which Pigou opens his discussion of “uncharged dis- 
services” is not, as I have indicated, the case of the smokey chimney but the 
case of the overrunning rabbits: “. . . incidental uncharged disservices are 
rendered to third parties when the game-preserving activities of one occupier 
involve the overrunning of a neighbouring occupiers land by rabbits. 2. .” 
This example is of extraordinary interest, not so much because the economic 


“Sir Dennis Robertson, I Lectures on Economic Principles 162 (1957). 


“FE. J. Mishan, The Meaning of Efficiency in Economics, 189 The Bankers’ Magazine 
482 (June 1960). 


“ Pigou, op. cit. supra n. 35 at 184. 
“Id. at 185-86, 


meld: at 186 n.1. For similar unqualified statements sce Pigou’s lecture “Some Aspects of 
the Housing Problem” in B.S. Rowntree and A. C. Pigou, Lectures on Iousing, in 18 Man- 
chester Univ. Lectures (1914). 
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analysis of the case is essentially any different from that of the other exam- 
ples, but because of the peculiarities of the legal position and the light it 
throws on the part which economics can play in what is apparently the 
purely legal question of the delimitation of rights. 

The problem of legal liability for the actions of rabbits is part of the 
general subject of liability for animals.4° I will, although with reluctance, 
confine my discussion to rabbits. The early cases relating to rabbits con- 
cerned the relations between the lord of the manor and commoners, since, 
from the thirteenth century on, it became usual for the lord of the manor 
to stock the commons with conies (rabbits), both for the sake of the meat 
and the fur. But in 1597, in Boulston’s case, an action was brought by one 
landowner against a neighbouring landowner, alleging that the defendant 
had made coney-burrows and that the conies had increased and had de- 
stroyed the plaintiff’s corn. The action failed for the reason that 


. . S80 soon as the coneys come on his neighbor’s land he may kill them, for they 
are ferae naturae, and he who makes the coney-boroughs has no property in them, 
and he shall not be punished for the damage which the coneys do in which he has 
no property, and which the other may lawfully kill.5° 


As Boulston’s case has been treated as binding—Bray, J., in 1919, said 
that he was not aware that Bowlston’s case has ever been overruled or ques- 
tioned®'—Digou’s rabbit example undoubtedly represented the legal position 
at the time The Economics of Welfare was written.5? And in this case, it is 
not far from the truth to say that the state of affairs which Pigou describes 
came about because of an absence of Government action (at any rate in the 
form of statutory enactments) and was the result of “natural” tendencies. 

Nonetheless, Borlston’s case is something of a legal curiousity and [ro- 
fessor Williams makes no secret of his distaste for this decision: 


“See G. L. Williams, Liability for Animals—An Account of the Development and Present 
Law of Tortious Liability for Animals, Distress Damage Feasant and the Duty to Fence, 
in Great Britain, Northern Ireland and the Common Law Dominions (1939). Part Four, 
“The Action of Nuisance, in Relation to Liability for Animals,” 236-62, is especially rele- 
vant to our discussion. The problem of liability for rabbits is discussed in this part, 238-47. 
I do not know how far the common Jaw in the United State regarding liability for animals 
has diverged from that in Britain. In some Western States of the United States, the English 
common law regarding the duty to fence has not been followed, in part because “the con- 
siderable amount of open, uncleared land made it a matter of public policy to allow 
cattle to run at large” (Williams, op. cil. supra 227). This affords a good cxample of how 
a different sct of circumstances may make it economically desirable to change the legal rule 


regarding the delimitation of rights. 
5 5 Coke (Vol. 3) 104 b. 77 Eng. Rep., 216, 217. 
" See Stearn v. Prentice Bros. Ltd., (1919) 1 K.B., 395, 397. 


521 have not looked into recent cases. The Icgal position has also been modified by 
statutory enactments. 


103 


104 The Economics of the Environment 
OO ee 


THE PROBLEM OF SOCIAL COST EY 


The conception of liability in nuisance as being based upon ownership is the 
result, apparently, of a confusion with the action of cattle-trespass, and runs counter 
both to principle and to the medieval authorities on the escape of water, smoke 
and filth... . The prerequisite of any satisfactory treatment of the subject is the 
final abandonment of the pernicious doctrine in Boulston’s case. . . . Once Boulston’s 
case disappears, the way will be clear for a rational restatement of the whole sub- 
ject, on lines that will harmonize with the principles prevailing in the rest of the law 
of nuisance.53 


The judges in Boulston’s case were, of course, aware that their view of the 
matter depended on distinguishing this case from one involving nuisance: 


This cause is not like to the cases put, on the other side, of erecting a lime-kiln, 
dye-house, or the like; for there the annoyance is by the act of the parties who make 
them; but it is not so here, for the conies of themselves went into the plaintiff’s land, 
and he might take them when they came upon his land, and make profit of them.?! 


Professor Williams comments: 


Once more the atavistic idea is emerging that the animals are guilty and not the 
landowner. It is not, of course, a satisfactory principle to introduce into a modern 
law of nuisance. If A. erects a house or plants a tree so that the rain runs or drips from 
it on to B.’s land, this is A.’s act for which he is liable; but if A. introduces rabbits 
into his land so that they escape from it into B.’s, this is the act of the rabbits for 
which A. is not liable—such is the specious distinction resulting from Boulston’s 
case.55 


It has to be admitted that the decision in Boulston’s case seems a little 
odd. A man may be liable for damage caused by smoke or unpleasant smells, 
without it being necessary to determine whether he owns the smoke or the 
smell. And the rule in Boulston’s case has not always been followed in cases 
dealing with other animals. For example, in Bland v. Yates,°® it was decided 
that an injunction could be granted to prevent someone from keeping an 
unusual and excessive collection of manure in which flies bred and which 
infested a neighbour’s house. The question of who owned the flies was not 
raised. An economist would not wish to object because legal reasoning some- 
times appears a little odd. But there is a sound economic reason for sup- 
porting Professor Williams’ view that the problem of liability for animals 
(and particularly rabbits) should be brought within the ordinary law of 
nuisance. The reason is not that the man who harbours rabbits is solely 
responsible for the damage; the man whose crops are eaten is equally re- 
sponsible. And given that the costs of market transactions make a rearrange- 


“ Williams, op. cit. supra n. 49 at 242, 258. 

“ Boulston v. Hardy, Cro, Eliz., $47, 548, 77 Eng. Rep. 216. 
© Williams, op. cit. supra n. 49 at 243. 

™ 58 Sol.J. 612 (1913-1914). 
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ment of rights impossible, unless we know the particular circumstances, we 
cannot say whether it-is desirable or not to make the man who harbours 
rabbits responsible for the damage committed by the rabbits on neighbouring 
properties. The objection to the rule in Bowlston’s case is that, under it, 
the harbourer of rabbits can never be liable. It fixes the rule of liability at 
one pole: and this is as undesirable, from an economic point of view, as 
fixing the rule at the other pole and making the harbourer of rabbits always 
liable. But, as we saw in Section VII, the law of nuisance, as it is in fact 
handled by the courts, is flexible and allows for a comparison of the utility 
of an act with the harm it produces. As Professor Williams says: “The whole 
law of nuisance is an attempt to reconcile and compromise between conflict- 
ing interests... ."°7 To bring the problem of rabbits within the ordinary 
law of nuisance would not mean inevitably making the harbourer of rabbits 
liable for damage committed by the rabbits. This is not to say that the sole 
task of the courts in such cases is to make a comparison between the harm 
and the utility of an act. Nor is it to be expected that the courts will always 
decide correctly after making such a comparison. But unless the courts act 
very foolishly, the ordinary law of nuisance would seem likely to give eco- 
nomically more satisfactory results than adopting a rigid rule. Pigou’s case 
of the overrunning rabbits affords an excellent example of how problems of 
law and economics are interrelated, even though the correct policy to follow 
would seem to be different from that envisioned by Pigou. 

Pigou allows one exception to his conclusion that there is a divergence 
between private and social products in the rabbit example. He adds: “. . 
unless . . . the two occupiers stand in the relation of landlord and tenant, 
so that compensation is given in an adjustment of the rent.’% This qualifi- 
cation is rather surprising since Pigou’s first class of divergence is largely 
concerned with the difficulties of drawing up satisfactory contracts between 
landlords and tenants. In fact, all the recent cases on the problem of rabbits 
cited by Professor Williams involved disputes between landlords and tenants 
concerning sporting rights.®® Pigou seems to make a distinction between the 
case in which no contract is possible (the second class) and that in which 
the contract is unsatisfactory (the first class). Thus he says that the second 
class of divergences between private and social net product 
cannot, like divergences due to tenancy laws, be mitigated by a modification of the 
contractual relation between any two contracting parties, because the divergence 
arises out of a service or disservice rendered to persons other than the contracting 


parties. 


* Williams, op. cil. supra n. 49 at 259. 
* Pigou, op. cil. supra n. 35 at 185. 
“ Williams, op. cil. supra n. 49 at 244-47. 


“ Pigou, op. cit. supra n. 35 at 192. 
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But the reason why some activities are not the subject of contracts is exactly 
the same as the reason why some contracts are commonly unsatisfactory— 
it would cost too much to put the matter right. Indeed, the two cases are 
really the same since the contracts are unsatisfactory because they do not 
cover certain activities. The exact bearing of the discussion of the first class 
of divergence on Pigou’s main argument is difficult to discover. He shows 
that in some circumstances contractual relations between landlord and tenant 
may result in a divergence between private and social products.” But he 
also goes on to show that Government-enforced compensation schemes and 
rent-controls will also produce divergences.*? Furthermore, he shows that, 
when the Government is in a similar position to a private landlord, e.g. when 
granting a franchise to a public utility, exactly the same difficulties arise 
as when private individuals are involved.*? The discussion is interesting but 
I have been unable to discover what general conclusions about economic 
policy, if any, Pigou expects us to draw from it. 

Indeed, Pigou’s treatment of the problems considered in this article is 
extremely elusive and the discussion of his views raises almost insuperable 
difficulties of interpretation. Consequently it is impossible to be sure that 
one has understood what Pigou really meant. Nevertheless, it is difficult to 
resist the conclusion, extroardinary though this may be in an economist of 
Pigou’s stature, that the main source of this obscurity is that Pigou had not 
thought his position through. 


TX. THe PiGovIAN TRADITION 


It is strange that a doctrine as faulty as that developed by Pigou should 
have been so influential, although part of its success has probably been due 
to the lack of clarity in the exposition. Not being clear, it was never clearly 
wrong. Curiously enough, this obscurity in the source has not prevented the 
emergence of a fairly well-defined oral tradition. What economists think 
they learn from Pigou, and what they tell their students, which I term the 
Pigovian tradition, is reasonably clear. I propose to show the inadequacy of 
this Pigovian tradition by demonstrating that both the analysis and the 
policy conclusions which it supports are incorrect. 

I do not propose to justify my view as to the prevailing opinion by copious 
references to the literature. I do this partly because the treatment in the 
literature is usually so fragmentary, often involving little more than a ref- 
erence to Pigou plus some explanatory comment, that detailed examination 
would be inappropriate. But the main reason for this lack of reference is 
that the doctrine, although based on Pigou, must have been largely the 
product of an oral tradition. Certainly economists with whom I have dis- 
cussed these problems have shown a unanimity of opinion which is quite 


* Id. 174-75. “ Td. 177-83. ed aise ae 
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remarkable considering the meagre treatment accorded this subject in the 
literature. No doubt there are some economists who do not share the usual 
view but they must represent a small minority of the profession. 

The approach to the problems under discussion is through an examination 
of the value of physical production. The private product is the value of the 
additional product resulting from a particular activity of a business. The 
social product equals the private product minus the fall in the value of pro- 
duction elsewhere for which no compensation is paid by the business. Thus, 
if 10 units of a factor (and no other factors) are used by a business to make 
a certain product with a value of $105; and the owner of this factor is not 
compensated for their use, which he is unable to prevent; and these 10 units 
of the factor would yield products in their best alternative use worth $100; 
then, the social product is $105 minus $100 or $5. If the business now pays 
for one unit of the factor and its price equals the value of its marginal 
product, then the social product rises to $15. If two units are paid for, the 
social product rises to $25 and so on until it reaches $105 when all units of 
the factor are paid for. It is not difficult to see why economists have so 
readily accepted this rather odd procedure. The analysis focusses on the 
individual business decision and since the use of certain resources is not 
allowed for in costs, receipts are reduced by the same amount. But, of course, 
this means that the value of the social product has no social significance 
whatsoever. It seems to me preferable to use the opportunity cost concept 
and to approach these problems by comparing the value of the product 

_yielded by factors in alternative uses or by alternative arrangements. The 
main advantage of a pricing system is that it leads to the employment of 
factors in places where the value of the product yielded is greatest and does 
so at Jess cost than alternative systems (I leave aside that a pricing system 
also eases the problem of the redistribution of income). But if through 
some God-given natural harmony factors flowed to the places where the 
value of the product yielded was greatest without any use of the pricing 
system and consequently there was no compensation, I would find it a 
source of surprise rather than a cause for dismay. 

The definition of the social product is queer but this does not mean that 
the conclusions for policy drawn from the analysis are necessarily wrong. 
However, there are bound to be dangers in an approach which diverts atten- 
tion from the basic issues and there can be little doubt that it has been 
responsible for some of the errors in current doctrine. The belief that it is 
desirable that the business which causes harmful effects should be forced 
to compensate those who suffer damage (which was exhaustively discussed 
in section VIII in connection with Pigou’s railway sparks example) is un- 
doubtedly the result of not comparing the total product obtainable with 
alternative social arrangements. 
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The same fault is to be found in proposals for solving the problem of 
harmful effects by the use of taxes or bounties. Pigou lays considerable stress 
on this solution although he is, as usual, lacking in detail and qualified in 
his support.* Modern economists tend to think exclusively in terms of 
taxes and in a very precise way. The tax should be equal to the damage 
done and should therefore vary with the amount of the harmful effect. As 
it is not proposed that the proceeds of the tax should be paid to those suffer- 
ing the damage, this solution is not the same as that which would force a 
business to pay compensation to those damaged by its actions, although 
economists generally do not seem to have noticed this and tend to treat the 
two solutions as being identical. 

Assume that a factory which emits smoke is set up in a district previously 
free from smoke pollution, causing damage valued at $100 per annum. 
Assume that the taxation solution is adopted and that the factory owner 
is taxed $100 per annum as long as the factory emits the smoke. Assume 
further that a. smoke-preventing device costing $90 per annum to run is 
available. In these circumstances, the smoke-preventing device would be 
installed. Damage of $100 would have been avoided at an expenditure of 
$90 and the factory-owner would be better off by $10 per annum. Yet the 
position achieved may not be optimal. Suppose that those who suffer the 
damage could avoid it by moving to other locations or by taking various 
precautions which would cost them, or be equivalent to a loss in income of, 
$40 per annum. Then there would be a gain in the value of production of 
$50 if the factory continued to emit its smoke and those now in the district 
moved elesewhere or made other adjustments to avoid the damage. If the 
factory owner is to be made to pay a tax equal to the damage caused, it 
would clearly be desirable to institute a double tax system and to make 
residents of the district pay an amount equal to the additional cost incurred 
by the factory owner (or the consumers of his products) in order to avoid 
the damage. In these conditions, people would not stay in the district or 
would take other measures to prevent the damage from occurring, when the 
costs of doing so were less than the costs that would be incurred by the pro- 
ducer to reduce the damage (the producer’s object, of course, being not so 
much to reduce the damage as to reduce the tax payments). A tax system 
which was confined to a tax on the producer for damage caused would tend to 
lead to unduly high costs being incurred for the prevention of damage. Of 
course this could be avoided if it were possible to base the tax, not on the 
damage caused, but on the fall in the value of production (in its widest 
sense) resulting from the emission of smoke. But to do so would require a 
detailed knowledge of individual preferences and I am unable to imavine 
how the data needed for such a taxation system could be assembled, Indeed, 


“Td. 192-4, 381 and Public Finance 94.100 (3d ed. 1947). 
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the proposal to solve the smoke-pollution and similar problems by the use 
of taxes bristles with difficulties: the problem of calculation, the difference 
between average and marginal damage, the interrelations between the damage 
suffered on different properties, ete. But it is unnecessary to examine these 
problems here. It is enough for my purpose to show that, even if the tax 
is exactly adjusted to equal the damage that would be done to neighboring 
properties as a result of the emission of each additional puff of smoke, the 
tax would not necessarily bring about optimal conditions. An increase in the 
number of people living or of business operating in the vicinity of the 
smoke-emitting factory will increase the amount of harm produced by a 
given emission of smoke. The tax that would be imposed would therefore 
increase with an increase in the number of those in the vicinity. This will 
tend to Jead to a decrease in the value of production of the factors employed 
by the factory, either because a reduction in production due to the tax will 
result in factors being used elsewhere in ways which are less valuable, or 
because factors will be diverted to produce means for reducing the amount 
of smoke emitted. But people deciding to establish themselves in the vicinity 
of the factory will not take into account this fall in the value of production 
which results from their presence. This failure to take into account costs 
imposed on others is comparable to the action of a factory-owner in not 
taking into account the harm resulting from his emission of smoke. Without 
the tax, there may be too much smoke and too few people in the vicinity 
of the factory; but with the tax there may be too little smoke and too many 
people in the vicinity of the factory. There is no reason to suppose that one 
of these results is necessarily preferable. 

I need not devote much space to discussing the similar error involved in 
the suggestion that smoke producing factories should, by means of zoning 
regulations, be removed from the districts in which the smoke causes harm- 
ful effects. When the change in the location of the factory results in a reduc- 
tion in production, this obviously needs to be taken into account and 
weighed against the harm which would result from the factory remaining 
in that location. ‘The aim of such regulation should not be to climinate 
smoke pollution but rather to secure the optimum amount of smoke pollu- 
tion, this being the amount which will maximise the value of production. 


X. A CHANGE or APPROACH 


It is my belief that the failure of economists to reach correct conclusions 
about the treatment of harmful effects cannot be ascribed simply to a few 
slips in analysis. It stems from basic defects in the current approach to 
problems of welfare economics. What is needed is a change of approach. 

Analysis in ‘terms of divergencies between private and _ social products 
concentrates attention on particular deficiencies in the system and tends to 
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nourish the belief that any measure which will remove the deficiency is 
necessarily desirable. It diverts attention from those other changes in the 
system which are inevitably associated with the corrective measure, changes 
which may well produce more harm than the original deficiency. In the 
preceding sections of this article, we have seen many examples of this. But 
it is not necessary to approach the problem in this way. Economists who 
study problems of the firm habitually use an opportunity cost approach 
and compare the receipts obtained from a given combination of factors with 
alternative business arrangements. It would seem desirable to use a similar 
approach when dealing with questions of economic policy and to compare 
the total product yielded by alternative social arrangements. In this article, 
the analysis has been confined, as is usual in this part of economics, to com- 
parisons of the value of production, as measured by the market. But it is, 
of course, desirable that the choice between different social arrangements 
for the solution of economic problems should be carried out in broader terms 
than this and that the total effect of these arrangements in all spheres of 
life should be taken into account. As Frank H. Knight has so often empha- 
sized, problems of welfare economics must ultimately dissolve into a study 
of aesthetics and morals. 

A second feature of the usual treatment of the problems discussed in this 
article is that the analysis proceeds in terms of a comparison between a 
state of laissez faire and some kind of ideal world. This approach inevitably 
leads to a looseness of thought since the nature of the alternatives being 
compared is never clear. In a state of laissez faire, is there a monetary, a 
legal or a political system and if so, what are they? In an ideal world, would 
there be a monetary, a legal or a political system and if so, what would they 
be? The answers to all these questions are shrouded in mystery and every 
man is free to draw whatever conclusions he likes. Actually very little analy- 
sis is required to show that an ideal world is better than a state of laissez 
faire, unless the definitions of a state of laissez faire and an ideal world 
happen to be the same. But the whole discussion is largely irrelevant for 
questions of economic policy since whatever we may have in mind as our 
ideal world, it is clear that we have not yet discovered how to get to it from 
where we are. A better approach would seem to be to start our analysis with 
a situation approximating that which actually exists, to examine the effects 
of a proposed policy change and to attempt to decide whether the new situ- 
ation would be, in total, better or worse than the original one. In this Way, 
conclusions for policy would have some relevance to the actual situation. 

A final reason for the failure to develop a theory adequate to handle the 
problem of harmful effects stems from a faulty concept of a factor of pro- 
duction. This is usually thought of as a physical entity which the business- 
man acquires and uses (an acre of Jand, a ton of fertiliser) instead of as a 
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right to perform certain (physical) actions. We may speak of a person owning 
land and using it as a factor of production but what the Jand-owner in fact 
possesses is the right to carry out a circumscribed list of actions. The rights 
of a land-owner are not unlimited. It is not even always possible for him to 
remove the land to another place, for instance, by quarrying it. And although 
it may be possible for him to exclude some people from using “his” land, this 
may not be true of others. or example, some people may have the right to 
cross the land. Furthermore, it may or may not be possible to erect certain 
types of buildings or to grow certain crops or to use particular drainage 
systems on the land. This does not come about simply because of Govern- 
ment regulation. It would be equally true under the common law. In fact 
it would be true under any system of law. A system in which the rights of 
individuals were unlimited would be one in which there were no rights to 
acquire. 

If factors of production are thought of as rights, it becomes easier to 
understand that the right to do something which has a harmful effect (such 
as the creation of smoke, noise, smells, etc.) is also a factor of production. 
Just as we may use a piece of land in such a way as to prevent someone 
else from crossing it, or parking his car, or building his house upon it, so 
we may use it in such a way as to deny him a view or quiet or unpolluted 
air. The cost of exercising a right (of using a factor of production) is always 
the loss which is suffered elsewhere in consequence of the exercise of that 
right—the inability to cross land, to park a car, to build a house, to enjoy 
a view, to have peace and quiet or to breathe clean air. 

It would clearly be desirable if the only actions performed were those in 
which what was gained was worth more than what was lost. But in choosing 
between social arrangements within the context of which individual decisions 
are made, we have to bear in mind that a change in the existing system 
which will lead to an improvement in some decisions may well lead to a 
worsening of others. Furthermore we have to take into account the costs 
involved in operating the various social arrangements (whether it be the 
working of a market or of a government department), as well as the costs 
involved in moving to a new system. In devising and choosing between social 
arrangements we should have regard for the total effect. This, above all, is 
the change in approach which T am advocating. 
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On Divergences between Social Cost and 
Private Cost* 


By RALPH TURVEY 


The notion that the resource-allocation effects of divergences between 
marginal social and private costs can be dealt with by imposing a 
tax or granting a subsidy equal to the difference now seems too simple 
a notion. Three recent articles have shown us this. First came Professor 
Coase’s * The Problem of Social Cost”, then Davis and Whinston’s 
‘“* Externalities, Welfare and the Theory of Games” appeared, and, 
finally, Buchanan and Stubblebine have published their paper 
‘“‘ Externality ”.1 These articles have an aggregate length of eighty 
pages and are by no means easy to read. The following attempt to 
synthesise and summarise the main ideas may therefore be useful. 
It is couched in terms of external diseconomies, i.e. an excess of social 
over private costs, and the reader is left to invert the analysis himself 
should he be interested in external economies. 

The scope of the following argument can usefully be indicated by 
starting with a brief statement of its main conclusions. The first is that 
if the party imposing external diseconomies and the party suffering them 
are able and willing to negotiate to their mutual advantage, state 
intervention is unnecessary to secure optimum resource allocation. 
The second is that the imposition of a tax upon the party imposing 
external diseconomies can be a very complicated matter, even in 
principle, so that the a priori prescription of such a tax is unwise. 

To develop these and other points, let us begin by calling A the 
person, firm or group (of persons or firms) which imposes a diseconomy, 
and B the person, firm or group which suffers it. How much B suffers 
will in many cases depend not only upon the scale of A’s diseconomy- 
creating activity, but also upon the precise nature of A’s activity and 
upon B’s reaction to it. If A emits smoke, for example, B’s loss will 
depend not only upon the quantity emitted but also upon the height 
of A’s chimney and upon the cost to B of installing air-conditioning, 
indoor clothes-dryers or other means of reducing the effect of the smoke. 
Thus to ascertain the optimum resource allocation will frequently re- 
quire an investigation of the nature and costs both of alternative 
activities open to A and of the devices by which B can reduce the 
impact of each activity. The optimum involves that kind and scale of 
A’s activity and that adjustment to it by B which maximises the 
algebraic sum of 4’s gain and B’s loss as against the situation where A 

*T am indebted to Professor Buchanan, Professor Coase, Mr. Klappholz, Dr. 
Mishan and Mr. Peston for helpful comments on an earlier draft. 


* Journal of Law and Economics, Vol. 111, October, 1960, Journal of Political Econ- 
omy, June, 1962, and Economica, November, 1962, respectively. 
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pursues no diseconomy-creating activity. Note that the optimum will 
frequently involve B suffering a loss, both in total and at the margin. 

If A and B are firms, gain and loss can be measured in money terms 
as profit differences. (In considering a social optimum, allowance has 
of course to be made for market imperfections.) Now assuming that 
they both seek to maximise profits, that they know about the available 
alternatives and adjustments and that they are able and willing to 
negotiate, they will achieve the optimum without any government 
interference. They will internalize the externality by merger?, or they 
will make an agreement whereby B pays A to modify the nature or 
scale of its activity.? Alternatively,‘ if the law gives B rights against A, 
A will pay B to accept the optimal amount of loss imposed by A. 

If A and B are people, their gain and loss must be measured as the 
amount of money they respectively would pay to indulge in and prevent 
A’s activity. It could also be measured as the amount of money they 
respectively would require to refrain from and to endure A’s activity, 
which will be different unless the marginal utility of income is constant. 
We shall assume that it is constant for both A and B, which is reason- 
able when the payments do not bulk large in relation to their incomes.® 
Under this assumption, it makes no difference whether B pays A or, 
if the law gives B rights against A, A compensates B. 

Whether A and B are persons or firms, to levy a tax on A which is 
not received as damages or compensation by B may prevent optimal 
resource allocation from being achieved—still assuming that they can 
and do negotiate.* The reason is that the resource allocation which 
maximises A’s gain less B’s loss may differ from that which maximises 
A’s gain less A’s tax less B’s loss. 

The points made so far can usefully be presented diagrammatically 
(Figure 1). We assume that A has only two alternative activities, | and 
II, and that their scales and B’s losses are all continuously variable. Let 
us temporarily disregard the dotted curve in the right-hand part of the 
diagram. The area under A’s curves then gives the total gain to A. 
The area under B’s curves gives the total loss to B after he has made the 
best adjustment possible to A’s activity. This is thus the direct loss as 
reduced by adjustment, plus the cost of making that adjustment. 

If A and B could not negotiate and if A were unhampered by restric- 
tions of any sort, A would choose activity I at a scale of OR. A scale of 
OS would obviously give a larger social product, but the optimum is 
clearly activity II at scale OJ, since area 2 is greater than area 1. Now 
B will be prepared to pay up to (la+ 1b — 2a) to secure this result, while 

1 Buchanan-Stubblebine, pp. 380-1. 

2 Davis-Whinston, pp. 244, 252, 256; Coase, pp. 16-17. 

* Coase, p. 6; Buchanan-Stubblebine agree, p. 383. 

“See previous references. ; 

8 Dr. Mishan has examined the welfare criterion for the case where the only variable 
is the scale of A’s activity, but where neither A nor B has a constant marginal utility 
of income; Cf. his paper‘* Welfare Criteria for External Effects ", American Economic 


Review, September, 196]. 
* Buchanan-Stubblebine, pp. 381-3. 
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A will be prepared to accept down to (1 + la — 2 — 2a) to assure it. 
The difference is (1b - 1 + 2), the maximum gain to be shared between 
them, and this is clearly positive. 

If A is liable to compensate B for actual damages caused by either 
activity 1 or II, he will choose activity II at scale OJ (i.e. the optimum 
allocation), pay 2a to B and retain a net gain of 2. The result is the same 
as when there is no such liability, though the distribution of the gain is 
very different: B will pay A up to (la + 1b — 2a) to secure this result. 
Hence whether or not we should advocate the imposition of a liability 
on A for damages caused is a matter of fairness, not of resource 
allocation. Our judgment will presumably depend on such factors as 
who got there first, whether one of them is a non-conforming user 
(e.g. an establishment for the breeding of maggots on putrescible 
vegetable matter in a residential district), who is richer, and so on. 
Efficient resource allocation requires the imposition of a liability upon 
A only if we can show that inertia, obstinacy, etc. inhibit A and B from 
reaching a voluntary agreement. 

We can now make the point implicit in Buchanan-Stubblebine’s 
argument, namely that there is a necessity for any impost levied on A 
to be paid to B when A and B are able to negotiate. Suppose that A is 
charged an amount equal to the loss he imposes on B; subtracting this 
from his marginal gain curve in the right-hand part of the diagram 
gives us the dotted line as his marginal net gain. If A moves to point J 
it will then pay B to induce him to move back to position K (which is 
sub-optimal) as it is this position which maximises the joint net gain to 
A and B together. 

There is a final point to be made about the case where A and B can 
negotiate. This is that if the external diseconomies are reciprocal, so 


* Cf. the comparable argument on pp. 94-8 of my The Economics of Real Property, 
1957, about the external economy to landlords of tenants’ improvements. 
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that each imposes a loss upon the other, the problem is still more 
complicated.! _ 

We now turn to the case where A and B cannot negotiate, which in 
most cases will result from A and/or B being too large a group for the 
members to get together. Here there are certain benefits to be had from 
resource re-allocation which are not privately appropriable. Just as 
with collective goods,? therefore, there is thus a case for collective 
action to achieve optimum allocation. But all this means is that if 
the state can ascertain and enforce a move to the optimum position 
at a cost less than the gain to be had, and ifit can do this ina way which 
does not have unfavourable effects upon income distribution, then it 
should take action. 

These two “ifs”? are very important. The second is obvious and 
requires no elaboration. The first, however, deserves a few words. In 
order to ascertain the optimum type and scale of A’s activity, the 
authorities must estimate all of the curves in the diagrams. They must, 
in other words, list and evaluate all the alternatives open to A and 
examine their effects upon B and the adjustments B could make to 
reduce the loss suffered. When this is done, if it can be done, it is 
necessary to consider how to reach the optimum. Now, where the 
nature as well as the scale of A’s activity is variable, it may be necessary 
to control both, and this may require two controls, not one. Suppose, 
for instance, that in the diagram, both activities are the emission of 
smoke: I from a low chimney and II from a tall chimney. To induce 
A to shift from emitting OR smoke from the low chimney to emitting 
OJ smoke from the tall chimney, it will not suffice to levy a tax of PJ 
per unit of smoke.? If this alone were done, A would continue to use a 
low chimney, emitting slightly less than OR smoke. Jt will also be 
necessary to regulate chimney heights. A tax would do the trick alone 
only if it were proportioned to losses imposed rather than to smoke 
emitted, and that would be very difficult. 

These complications show that in many cases the cost of achieving 
optimum resource allocation may outweigh the gain. If this is the case, 
a second-best solution may be appropriate. Thus a prohibition of all 
smoke emission would be better than OR smoke from a low chimney 
(since 1 is less than 1b) and a requirement that all chimneys be tall 
would be better still (giving a net gain of 2 less 2b). Whether these 
requirements should be imposed on existing chimney-owners as well 
as on new ones then introduces further complications relating to the 
short run and the long run. 

There is no need to carry the example any further. It is now abundant- 
ly clear that any general prescription of a tax to deal with external 
diseconomies is useless. Each case must be considered on its own and 


1 Davis-Whinston devote several pages of game theory to this problem. 
2 Buchanan-Stubblebine, p. 383. areas ; 
8 Note how different PJ is from RT, the initial observable marginal external dis- 
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there is no a priori reason to suppose that the imposition of a tax is 
better than alternative measures or indeed, that any measures at all 
are desirable unless we assume that information and administration 
are both costless.* 

To sum up, then: when negotiation is possible, the case for govern- 
ment intervention is one of justice not of economic efficiency ; when it is 
not, the theorist should be silent and call in the applied economist. 


The London School of Economics. 


1 Coase, pp. 18, 44. 
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I. INTRODUCTION 


The setting for the problem under consideration is a large economic organization or system 
which in some cases is best thought of as the entire economy. Within this large economic 
organization resources are allocated by some combination of commands and prices (the 
exact mixture is inessential) or even by some other unspecified mechanism. The following 
question arises. For one particular isolated economic variable that needs to be regulated,? 
what is the best way to implement control for the benefit of the organization as a whole? 
Is it better to directly administer the activity under scrutiny or to fix transfer prices and 
rely on self-interested profit or utility maximization to achieve the same ends in decentralized 
fashion? This issue is taken as the prototype problem of central control which is studied 
in the present paper. There are a great many specific examples which fit nicely into such 
a framework. One of current interest is the question of whether it would be better to control 
certain forms of pollution by setting emission standards or by charging the appropriate 
pollution taxes. 

When quantities are employed as planning instruments, the basic operating rules from 
the centre take the form of quotas, targets, or commands to produce a certain level of 
output. With prices as instruments, the rules specify either explicitly or implicitly that 
profits are to be maximized at the given parametric prices. Now a basic theme of resource 
allocation theory emphasizes the close connection between these two modes of control. 
No matter how one type of planning instrument is fixed, there is always a corresponding 
way to set the other which achieves the same result when implemented.* From a strictly 
theoretical point of view there is really nothing to recommend one mode of control over 
the other. This notwithstanding, I think it is a fair generalization to say that the average 
economist in the Western marginalist tradition has at least a vague preference toward 
indirect control by prices, just as the typical non-economist leans toward the direct regula- 
tion of quantities. 

That a person not versed in economics should think primarily in terms of direct controls 
is probably due to the fact that he does not comprehend the full subtlety and strength of 
the invisible hand argument. The economist’s attitude is somewhat more puzzling. Under- 
standing that prices can be used as a powerful and flexible instrument for rationally allocat- 
ing resources and that in fact a market economy automatically regulates itself in this manner 
is very different from being under the impression that such indirect controls are generally 
preferable for the kind of problem considered in this paper. Certainly a careful reading of 
economic theory yields little to support such a universal proposition. 


1 First version received August 1973; final version accepted January 1974 (Eds.). é 
2 Many people have made helpful comments about a previous version of this paper. I would like 
especially to thank P. A. Diamond and H. E. Scarf for their valuable suggestions. The National Science 
ion helped support my research. tir; ; ; ve 
Ss gis the seope of this paper is the issue of why it is felt that the given economic activity must be 
regulated. There may be a variety of reasons, ranging all the way from political considerations to one 
another of market failure. ; yoy : 3 . 
can the usual convexity assumptions. Without convexity it may not be possible to find a price 
which will support certain output levels. In this connection it should be mentioned that non-convexities 
(especially increasing returns) are sometimes responsible for regulation in the first place. 
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Many economists point with favour to the fact that if prices are the planning instru- 
ment then profit maximization automatically guarantees total output will be efficiently 
produced, as if this result were of any more than secondary interest unless the prices (and 
hence total output) are optimal to begin with.! Sometimes it is maintained that prices are 
desirable planning instruments because the stimulus to obtain a profit maximizing output 
is built right in if producers are rewarded in proportion to profits. There is of course 
just as much motivation, e.g. to minimize costs at specified output levels so long as at least 
some fraction of production expenditures is borne by producers. With both modes of 
control there is clearly an incentive for self-interested producers to systematically distort 
information about hypothetical output and cost possibilities in the pre-implementation 
planning phase. Conversely, there is no real way to disguise the true facts in the imple- 
mentation stage so long as actual outputs (in the case of price instruments) and true 
operating costs (in the case of quantity instruments) can be accurately monitored. For the 
one case the centre must ascertain ceteris paribus output changes as prices are varied, for 
the other price changes as outputs are altered. 

A reason often cited for the theoretical superiority of prices as planning instruments is 
that their use allegedly economizes on information. The main thing to note here is that 
generally speaking it is neither easier nor harder to name the right prices than the right 
quantities because in principle exactly the same information is needed to correctly specify 
either. It is true that in a situation with many independent producers of an identical 
commodity, only a single uniform price has to be named by the centre, whereas in a 
command mode separate quantities must be specified for each producer. If such an 
observation has meaningful implications, it can only be within the artificial milieu of an 
iterative tdtonnement type of “‘ planning game” which is played over and over again 
approaching an optimal solution in the limit as the number of steps becomes large. Even 
in this context the fact that there are less ‘‘ message units ’” involved in each communication 
from the centre is a pretty thin reed on which to hang claims for the informational 
superiority of the price system. It seems to me that a careful examination of the mechanics 
of successive approximation planning shows that there is no principal informational 
difference between iteratively finding an optimum by having the centre name prices while 
the firms respond with quantities, or by having the centre assign quantities while the 
firm reveals costs or marginal costs.” 

If there were really some basic intrinsic advantage to a system which employed prices 
as planning instruments, we would expect to observe many organizations operating with 
this mode of control, especially among multi-divisional business firms in a competitive 


! An extreme example may help make this point clear. Suppose that fulfilment of an important 
emergency rescue operation demands a certain number of airplane flights. It would be inefficient to just 
order airline companies or. branches of the military to supply a certain number of the needed aircraft 
because marginal (opportunity) costs would almost certainly vary all over the place. Nevertheless, such an 
approach would undoubtedly be preferable to the efficient procedure of naming a price for plane services. 
Under profit maximization, overall output would be uncertain, with too few planes spelling disaster and 
too Haat being superfluous. Ber 

e ‘‘ message unit ”’ case for the informational superiority of the price system i 
blanket statement that it is better to use dual algorithms for a a ete ee eee 
the number of primal variables exceeds the number of dual multipliers. Certainly for the superior large 
step decomposition type algorithms which on every iteration go right after what are presently believed 
to be the best instrument values on the basis of all currently available information, such a general statement 
has no basis. With myopic gradient methods it is true that on each round the centre infinitesimally and 
effortlessly adjusts exactly the number of instruments it controls, be they prices or quantities. But who 
can say how many infinitesimally small adjustments will be needed? Gradient algorithms are known to 
be a bad description of iterative planning procedures, among other reasons because they have inadmissably 
poor convergence properties. If the step size is chosen too small, convergence takes forever. If it is chosen 
too large, there is no convergence. As soon as a finite step size is selected on a given iteration to reflect a 
desire for quick convergence, the “ message unit’? case for prices evaporates. Calculating the correct 
price change puts the centre tight back into the large step decomposition framework where on each round 
eae ate He best ae sais is formally identical to the problem of finding the best 

uantities, For discussion of these and various o i i i i 
of Heal [2], Malinvaud (5]) Marglin [71 Weitenen Dt ther aspects of iterative planning, see the articles 
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environment. Yet the allocation of resources within private companies (not to mention 
governmental or non-profit organizations) is almost never controlled by setting administered 
transfer prices on commodities and letting self-interested profit maximization do the rest.! 
The price system as an allocator of internal resources does not itself pass the market test.? 

Of course, all this is not to deny that in any particular setting there may be important 
practical reasons for favouring either prices or quantities as planning instruments. These 
reasons might involve ideological, political, legal, social, historical, administrative, motiva- 
tional, informational, monitoring, enforcing, or other considerations, But there is little 
of what might be called a system-free character. 

In studying such a controversial subject, the only fair way to begin must be with the 
tenet that there is no basic or universal rationale for having a general predisposition toward 
one control mode or the other. If this principle is accepted, it becomes an issue of some 
interest to abstract away all “ other ” considerations in order to develop strictly “ economic” 
criteria by which the comparative performance of price and quantity planning instruments 
might be objectively evaluated. Even on an abstract level, it would be useful to know 
how to identify a situation where employing one mode is relatively advantageous, other 
things being equal. 


Il. THE MODEL 


We start with a highly simplified prototype planning problem. Amount q of a certain 
commodity can be produced at cost C(q), yielding benefits B(g).* The word “ commodity ” 
is used in an abstract sense and really could pertain to just about any kind of good from 
pure water to military aircraft. Solely for the sake of preserving-a unified notation, we 
follow the standard convention that goods are desirable. This means that rather than 
talking about air pollution, for example, we instead deal with its negative—clean air. 

Later we treat more complicated cases, but for the time being it is assumed that in 
effect there is just one producer of the commodity and no ambiguity in the notion of a 
cost curve. Benefits are measured in terms of money equivalents so that the benefit 
function can be viewed as the reflection of an indifference curve showing the trade-off 
between amounts of uncommitted extra funds and output levels of the given commodity. 
It is assumed that B”’(q)<0, C’(q)>0, B’(0)>C’(0), and B’(q)<C'(q) for q sufficiently 
large. 


1 Strictly speaking, this conclusion is not really justified because there may be important externalities 
or increasing returns within an organization (they may even constitute its raison d’étre). Nevertheless, the 
almost universal absence of internal transfer pricing within private firms strikes me as a rather startling 
contradiction with the often alleged superiority of indirect controls. 

2 About a decade ago, Ford and GM performed a few administrative trials of a limited sort with some 
decentralization schemes based on internal transfer prices. The experiments were subsequently discontinued 
in favour of a return to more traditional planning methods. See Whinston [10]. ‘ 

3 As one example, if it happens to be the case that it is difficult or expensive to monitor output on a 
continuous scale but relatively cheap to perform a pass-fail litmus type test on whether a given output 
level has been attained or not, the price mode may be greatly disadvantaged from the start. The pollution 
by open-pit mining operations of nearby waterways presents a case in point. It would be difficult or 
impossible to record how much pollutant is seeping into the ground, whereas itis a comparatively straight- 
forward task to enforce the adoption of one or another level of anti-pollution technology. Another realistic 
consideration arises when we ask who determines the standards under each mode, For example, if an 
agency of the executive branch is empowered to regulate prices but the legislature is in charge of setting 
quantities, that by itself may be important in determining which mode is better for controlling pollution, 
The price mode would haye greater flexibility, but might carry with it more danger of caving in to special 
interest groups. As yet another realistic consideration, equity arguments are sometimes put forward in 
favour of price (the supposed “‘ justice” of a uniform price to all) or quantity (equal sharing of a deficit 

mmodity) control modes. 
re: 4 It Bie be thought that an equivalent approach would be to work with demand and supply curves, 
identifying the consumers’ (producers’) surplus area under the demand (supply) curve as benefits (costs) 
or, equivalently, the demand (supply) curve as the marginal benefit (cost) function, The trouble with this 
approach is that it tends to give the misleading impression that the market left to itself could solve the 
problem, obscuring the fact that some key element of the standard competitive supply and demand story 


is felt to be missing in the first place. 
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The planning problem is to find that value q* of g which maximizes 
B(q) — C(q). 
The solution must satisfy 
Bi(q*) = C'(q*). 
p* = BY(q*) = C'(q"*), 
it makes no difference whether the planners announce the optimal price p* and have the 
producers maximize profits 


With 


p*q—C(q) 
or whether the centre merely orders the production of q* at least cost. In an environment 
of complete knowledge and perfect certainty there is a formal identity between the use of 
prices and quantities as planning instruments. 

If there is any advantage to employing price or quantity control modes, therefore, 
it must be due to inadequate information or uncertainty. Of course it is natural enough 
for planners to be unsure about the precise specification of cost and benefit functions 
since even those most likely to know can hardly possess an exact account. 

Suppose, then, that the centre perceives the cost function only as an estimate or 
approximation. The stochastic relation linking g to C is taken to be of the form 


C(q, 9), 


where 0 is a disturbance term or random variable, unobserved and unknown at the present 
time. While the determination of 0 could involve elements of genuine randomness, it is 
probably more appropriate to think primarily in terms of an information gap. 

Even the engineers most closely associated with production would be unable to say 
beforehand precisely what is the cheapest way of generating various hypothetical output 
levels. How much murkier still must be the centre’s ex ante conception of costs, especially 
in a fast moving world where knowledge of particular circumstances of time and place 
may be required. True, the degree of fuzziness could be reduced by research and experi- 
mentation but it could never be truly eliminated because new sources of uncertainty are 
arising all the time.” 

Were a particular output level really ordered in all seriousness, a cost-minimizing 
firm could eventually grope its way toward the cheapest way of producing it by actually 
testing out the relevant technological alternatives. Or, if an output price were in fact 
named, a profit maximizing production level could ultimately be found by trial and error. 
But this is far from having the cost function as a whole knowable a priori. 

While the planners. may be somewhat better acquainted with the benefit function, it 
too is presumably discernable only tolerably well, say as 


Bq, n) 


with 1 a random variable. The connection between q and B is stochastic either because 
benefits may be imperfectly known at the present time or because authentic randomness 
may play a role. Since the unknown factors connecting q with B are likely to be quite 
different from those linking q to C, it is assumed that the random variables 0 and n are 
independently distributed. 

As a possible specific example of the present formulation, consider the problem of 
air pollution. The variable q could be the cleanliness of air being emitted by a certain 
type of source. Costs as a function of gq might not be known beyond doubt because the 
technology, quantified by 0, is uncertain. At a given level of q the benefits may be unsure 
since they depend among other things on the weather, measured by y. 


! Like day-to-day fluctuations. 
2 For an amplification of some of these points, see Hayek [3]. 
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Now an ideal instrument of central control would be a contingency message whose 
instructions depend on which state of the world is revealed by 0 and n. The ideal ex ante 
quantity signal q*(0, n) and price signal p*(0, n) are in the form of an entire schedule, 
functions of 0 and y satisfying 


B,(q*(0, n), n) Tae C,(q*(0, n); 0) = p*(0, 1). 


By employing either ideal signal, the ex ante uncertainty has in effect been eliminated 
ex post and we are right back to the case where there is no theoretical difference between 
price and quantity control modes. 

It should be readily apparent that it is infeasible for the centre to transmit an entire 
schedule of ideal prices or quantities. A contingency message is a complicated, specialized 
contract which is expensive to draw up and hard to understand. The random variables 
are difficult to quantify. A problem of differentiated information or even of moral hazard 
may be involved since the exact value of @ will frequently be known only by the producer. 
Even for the simplest case of just one firm, information from different sources must be 
processed, combined, and evaluated. By the time an ideal schedule was completed, 
another would be needed because meanwhile changes would have occurred. 

In this paper the realistic issue of central control under uncertainty is considered 
to be the “ second best ” problem of finding for each producer the single price or quantity 
message which optimally regulates his actions. This is also the best way to focus sharply 
and directly on the essential difference between prices and quantities as planning 
instruments. 

The issue of prices vs. quantities has to be a “ second best ” problem by its very nature 
simply because there is no good a priori reason for limiting attention to just these two 
particular signals. Even if stochastic contingency messages were eliminated on ad hoc 
grounds as being too complicated, there would still be no legitimate justification for not 
considering, say, an entire expected benefits schedule, or a “ kinked ” benefit function in 
the form of a two-tiered price system, or something else. The reason we specialize to 
price and quantity signals is that these are two simple messages, easily comprehended, 
traditionally employed, and frequently contrasted.” 

The optimal quantity instrument under uncertainty is that target output @ which 
maximizes expected benefits minus expected costs, so that 


where E[.] is the expected value operator. The solution q must satisfy the first order 
condition 


E[B,(4, n)] = ELC,(4, 8]. a5) 
When a price instrument p is announced, production will eventually be adjusted to the 
output level 


q = h(p, 0) 
which maximizes profits given p and 8. Such a condition is expressed as 
ph(p, 0)—C(h(p, 8), 0) = max pq—C(q, 9), 
q 


implying 
C,(A(p, 8), 8) = p. -(2) 


1 So that it may be inappropriate, for example, to tell him to produce less if costs are high unless a 
very sophisticated incentive scheme goes along with such a message. For an elaboration of some of these 
oints see Arrow [1], pp. 321-322, ' / ey 
d 2 There are real costs associated with using more complicated signals. At least implicitly, we are 
assuming that the magnitude of such costs is sufficiently large to make it uneconomical to consider messages 
other than prices or quantities. It would be nice to incorporate these costs explicitly into the model, but 


this is hard to do in any meaningful way. 
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If the planners are rational, they will choose that price instrument p which maximizes 
the expected difference between benefits and costs given the reaction function h(p, 0): 


E[B(h(p, 0), n)—C(h(P, 0), 8)] = max ELB(h(p, 0), )—C(h(p, 8), 0). 
Pp 


The solution p must obey the first order equation 
E[B,(h(P, 0), ).hy(B, 8)] = ELCi(h(B, 9), 8). hi (B, 8], 


which can be rewritten as 


p= ELB HCG, On) tC, 0) 2 
Corresponding to the optimal ex ante price pf is the ex post profit maximizing output q 
expressed as a function of 0, 


G(0) = h(B, 9). (4) 


In the presence of uncertainty, price and quantity instruments transmit central control 
in quite different ways. It is important to note that by choosing a specific mode for 
implementing an intended policy, the planners are at least temporarily locking themselves 
into certain consequences. The values of y and @ are at first unknown and only gradually, 
if at all, become recognized through their effects. After the quantity g is prescribed, pro- 
ducers will continue to generate that assigned level of output for some time even though 
in all likelihood 


B,(4, n) # Cy(@, 9). 


In the price mode on the other hand, g(@) will be produced where except with negligible 
probability 

B,(4(0), n) # Ci(G(0), 9). 
Thus neither instrument yields an optimum ex post. The relevant question is which one 
comes closer under what circumstances. ! 

In an infinitely flexible control environment where the planners can continually adjust 
instruments to reflect current understanding of a fluid situation and producers instantane- 
ously respond, the above considerations are irrelevant and the choice of control mode 
should be made to depend on other factors. Similar comments apply to a timeless tdétonne- 
ment milieu where iterations are costless, recontracting takes place after each round, and 
in effect nothing real is presumed to happen until all the uncertainty has been eliminated 
and an equilibrium is approached. In any less hypothetical world the consequences of 
an order given in a particular control mode have to be lived with for at least the time 
until revisions are made, and real losses will be incurred by selecting the wrong com- 
munication medium. 

Note that the question usually asked whether it is better to control prices or quantities 
for finding a plan is conceptually distinct from the issue treated in this paper of which 
mode is superior for implementing a plan. The latter way of posing the problem strikes me 
as more relevant for most actual planning contexts—either because there is no significant 
informational difference between the two modes in the first place, or because a step in the 
tdtonnement planning game cannot meaningfully occur unless it is really implemented, 
or because no matter how many iterations have been carried out over time there are always 
spontaneously arising changes which damp out the significance of knowing past history. 
In the framework adopted here, the planners are at the decision node where as much 
information as is feasible to gather has already been obtained by one means or another 
and an operational plan must be decided on the basis of the available current knowledge. 

! We remark in passing that the issue of whether it is better to stabilize uncertain demand and supply 
functions by pegging prices or quantities can also be put in the form of the problem analysed in this paper 


if benefits are associated with the consumers’ surplus area under the demand curve and costs with the 
producers’ surplus area under the supply curve, 
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_ITIf, PRICES vs. QUANTITIES 
It is natural to define the comparative advantage of prices over quantities as 


A = E[(B(q(8), n) — C(q(), 8))—(B@4, n)—C(4, 0))]. (5) 
The loss function implicit in the definition of A is the expected difference in gains obtained 
under the two modes of control. Naturally there is no real distinction between working 
with A or with —A (the comparative advantage of quantities over prices). 

The coefficient A is intended to be a measure of comparative or relative advantage 
only. It goes without saying that making a decision to use price or quantity control 
modes in a specific instance is more complicated than just consulting A. There are also 
going to be a host of practical considerations formally outside the scope of the present 
model. Although such external factors render A of limited value when isolated by itself, 
they do not necessarily diminish its conceptual significance. On the contrary, having an 
objective criterion of the ceteris paribus advantage of a control mode is very important 
because conceptually it can serve as a benchmark against which the cost of ‘“ non- 
economic ”’ ingredients might be measured in reaching a final judgment about whether 
it would be better to employ prices or quantities as planning instruments in a given 
situation, 

As it stands, the formulation of cost and benefit functions is so general that it hinders 
us from cleanly dissecting equation (5). To see clearly what A depends on we have to 
put more structure on the problem. It is possible to be somewhat less restrictive than 
we are going to be, but only at the great expense of clarity. 

In what follows, the amount of uncertainty in marginal cost is taken as sufficiently 
small to justify a second order approximation of cost and benefit functions within the 
range of G(@) as it varies around q.'_ Let the symbol “* 2 ” denote an “‘ accurate local 
approximation ” in the sense of deriving from the assumption that cost and benefit func- 
tions are of the following quadratic form within an appropriate neighbourhood of q = q: 


C(q, 8) 2 a(0)+(C’+0(0)\q—4) + < (q-a we 


B(q, 1) 2 b(n) +(B’+ Bq 4) + . (q—4). AD 


In the above equations a(0), «(0), b(y), B(n) are stochastic functions and C’, C”, B’, B” 


are fixed coefficients. ; . 
- Without loss of generality, «(0) and f(n) are standardized in (6), (7) so that their 


expected values are zero: 


E[a(0)] = E[B())] = 0. ...(8) 
Since 0 and n are independently distributed, 
E[a(0). B(n)] = 0. (9) 


Note that the stochastic functions 
a(@) 2 C@, 9) 


b(n) 2 BG, n) 
translate different values of 0 and y into pure vertical shifts of the cost and benefit curves. 
Differentiating (6) and (7) with respect to q, 


C,(q, 8) 2 (C’+.a(8)) +” .(q—4) --.(10) 
B,(q, n) 2 (B’+ B(n)) + B".(q—9). » (11) 


1 Such an approximation can be rigorously defended along the lines developed by Samuelson [8]. 
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Employing the above equations and (8), the following interpretations are available 
for the fixed coefficients of (6), (7): 
C’ 2 E[C,(4, 9)] 
BY 2 E[B,(4, n)] 
Cc” 2C;,(q, 9) 
B” & By4(q, 0). 


From (1), 
by SC. se(12) 


It is apparent from (8) and (10) that stochastic changes in «(0) represent pure unbiased 
shifts of the marginal cost function. The variance of «(0) is precisely the mean square 
error in marginal cost 


o? = E[(C,(4, 0)—E[C,(q, 0)])?] & E[a(0)?]. ..(13) 
Analogous comments hold for the marginal benefit function (11) where we have 
E[(B,(q, n)—E[B,(q, n)])7] = E[B(n)”]. 
From (10) and (2), 


—C'—a(0 
ip, 0) 2 4+ PEO) (14) 
implying 
1 
h,(p, @) 2 = ..-(15) 
Substituting from (15) into (3) and cancelling out C” yields 
B 2 E[B,(h(6, 8), »)]. ...(16) 


Replacing q in (11) by the expression for h(p, 0) from (14) and plugging into (16), 
the following equation is obtained after using (8) 


PSB +- = (B-C), ...(17) 
From (12) and the condition B’<0<C’”, (17) implies 
PSC. ...(18) 
Combining (4), (14), and (18), 
qo) 2.9 °O. (19) 


Now alternately substitute q = q and q = G(@) from (19) into (6) and (7). Then 
plugging the resulting values of (6), (7) into (5), using (8), (9), and collecting terms, 


2p 2 
B 
o - + oO : 
2C 2Ge 


Expression (20) is the fundamental result of this paper.!. The next section is devoted 
to examining it in detail. 


Ag ...(20) 


1 In the supply and demand context B” is the slope of the (linear) demand curve, C’ is th 
(linear) supply curve, and o? is the variance of vertical shifts in the supply curve. : roars 
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IV. ANALYSING THE COEFFICIENT OF COMPARATIVE ADVANTAGE 


Note that the uncertainty in benefits does not appear in (20).' To a second-order 
approximation it affects price and quantity modes equally adversely. On the other hand, 
A depends linearly on the mean square error in marginal cost. The ceteris paribus effect 
of increasing o? is to magnify the expected loss from employing the planning instrument 
with comparative disadvantage. Conversely, as o? shrinks to zero we move closer to the 
perfect certainty case where in theory the two control modes perform equally satisfactorily. 

Clearly A depends critically on the curvature of cost and benefit functions around 
the optimal output level. The first thing to note is that the sign of A simply equals the 
sign of C”+B”. When the sum of the ‘ other” considerations nets out to a zero bias 
toward either control mode, quantities are the preferred planning instrument if and only if 
benefits have more curvature than costs. 

Normally we would want to know the magnitude of A and what it depends on, as well 
as the sign. To strengthen our intuitive feeling for the meaning of formula (20), we turn 
first to some extreme cases where there is a strong comparative advantage to one control 
mode over the other. In this connection it is important to bear in mind that when we 
talk about “ large ” or “ small” values of B”, C”, or o*, we are only speaking in a relative 
sense. The absolute measure of any variable appearing in (20) does not really mean much 
alone since it is arbitrarily pegged by selecting the units in which output is reckoned. 

The coefficient A is negative and large as either the benefit function is more sharply 
curved or the cost function is closer to being linear. Using a price control mode in such 
situations could have detrimental consequences. When marginal costs are nearly flat, 
the smallest miscalculation or change results in either much more or much less than the 
desired quantity. On the other hand, if benefits are almost kinked at the optimum level 
of output, there is a high degree of risk aversion and the centre cannot afford being even 
slightly off the mark. In both cases the quantity mode scores a lot of points because a 
high premium is put on the rigid output controllability which only it can provide under 
uncertainty. 

From (20), the price mode looks relatively more attractive when the benefit function 
is closer to being linear. In such a situation it would be foolish to name quantities. Since 
the marginal social benefit is approximately constant in some range, a superior policy is 
to name it as a price and let the producers find the optimal output level themselves, after 
eliminating the uncertainty from costs. 

At a point where the cost function is highly curved, A becomes nearly zero, If marginal 
costs are very steeply rising around the optimum, as with fixed capacity, there is not much 
difference between controlling by price or quantity instruments because the resulting output 
will be almost the same with either mode. In such a situation, as with the case o? = 0, 
“non-economic ” factors should play the decisive role in determining which system of 
control to impose. 

It is difficult to refrain from noticing that although there are plenty of instances where 


1 This is because the expected benefit function (see equation (7)) does not depend on the variance of 
marginal benefits so long as costs and benefits are independently distributed, If they are nos, so that 


of, = El{Ci(q, 9)—£1Ci(q, 9))}.{ Big, 1) — EL Bi(g, ») I] = Ela(0).B™)) #4 9, 

(20) must be replaced by: A 2 ee + ao (o2—2o2,). The sole effect of having costs and benefits cor- 
related with each other is embodied in the term oZ,. When marginal costs are positively correlated with 
marginal benefits, the ceteris puribus comparative advantage of the quantity mode is increased, If prices 
are used as a control mode, the producer will tend to cut back output for high marginal costs, But with 
o?, positive, this is the very same time that marginal benefits tend to be high, so that a cutback may not 
really be in order. In such situations the quantity mode has better properties as a stabilizer, other things 
being equal. The story is the other way around when 5, is negative. In that case high marginal costs are 
associated with low marginal benefits, so that the price mode (which decreases output for high marginal 
costs) tends to be a better mode of control other things being equal. 
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the price mode has a good solid comparative advantage (because — B" is small), in some 
sense it looks as if prices can be a disastrous choice of instrument far more often than 
quantities can. Using (20), A —oo if either B’-—oo or C”—0 (or both). The only 
way A> +00 is under the thin set of circumstances where simultaneously C”0, B”0, 
and C”>—B". In a world where C” and B” are themselves imperfectly known it seems 
hard to avoid the impression that there will be many circumstances where the more con- 
servative quantity mode will be preferred by planners because it is better for avoiding 
very bad planning mistakes.’ 

Having scen how C” and B” play an essential role in determining A, it may be useful 
to check out a few of the principal situations where we might expect to encounter cost and 
bencfit functions of one curvature or another. We start with costs. 

Contemporary economic theory has tended to blur the distinction between the 
traditional marginalist way of treating production theory with smoothly differentiable 
production functions and the activity analysis approach with its limited number of alter- 
native production processes. For many theoretical purposes convexity of the underlying 
technology is really the fundamental property. 

However, there are very different implications for the efficacy of price and quantity 
control modes between a situation described by classically smooth Marshallian cost curves 
and one characterized by piecewise linear cost functions with a limited number of kinks. 
In the latter case, the quantity mode tends to have a relative advantage since A = —oo 
on the flats and A = 0 at the elbows. Of course it is impossible to use a price to control 
an output at all unless some hidden fixed factors take the flatness out of the average cost 
curve. Even then, A will be positive only if there are enough alternative techniques available 
to make the cost function have more (finite difference) curvature than the benefit function 
in the neighbourhood of an optimal policy. 

What determines the benefit function for a commodity is contingent in the first place 
on whether the commodity is a final or intermediate good. The benefit of a final good is 
essentially the utility which arises out of consuming the good. It could be highly curved 
at the optimum output level if tastes happen to be kinked at certain critical points. The 
amount of pollution which makes a river just unfit for swimming could be a point where 
the marginal benefits of an extra unit of output change very rapidly. Another might be 
the level of defence which just neutralizes an opponent’s offence or the level of offence 
which just overcomes a given defence. There are many examples which arise in emergencies 
or natural calamities. Our intuitive feeling, which is confirmed by the formal analysis, 
is that it doesn’t pay to “‘ fool around ”’ with prices in such situations. 

For intermediate goods, the shape of the benefit function will depend among other 
things on the degree of substitutability in use of this commodity with other resources 
available in the production organization and upon the possibilities for importing this 


1 This idea could be formalized as follows. Consider two generalizations of formulae (6) and (7): 


C(q, 0) & a(6)+(C’+2(8))(Q—4) + OKs 


Bla, n) 2 (n)+(B'+ Aeay(q—G+ 2A (q—gp, 


The only difference with (6), (7) is that now 1/Ci1(q, 6) and By1(q, y) are allowed to be uncertai 
: ALE ms ’ . The 
change in the profit maximizing output response per unit price ch i i ay ” 
Without loss of generality we set p ateate Om sechastewulyy?) =) Ole 
E(f(®)] = Elg@)) = 1. 


te that increasing the varie i i Aerts 
inet fand a abpilndependeat of pach other IHN Worean Caelte Ina cee eee ens 
Ag BroX(1 +82) | o? 
nt 2C”2 KEL 
where 52 = E[{f(0)—E[f(@)}}2] is the variance of f(A). The above formula can be interpreted as saying 


that other things being equal, greater uncertainty in 1/C 6) increases t i 
quanti made: /C11(q, 4) s the comparative advantage of the 
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commodity from outside the organization. These things in turn are very much dependent 
on the planning time horizon, In the long run the benefit function probably becomes 
flatter because more possibilities for substitution are available, including perhaps importing. 
Take for example the most extreme degree of complete “ openness” where any amount 
of the commodity can be instantaneously and effortlessly bought (and sold) outside the 
production organization at a fixed price. The relevant benefit function is of course just 
a straight line whose slope is the outside price. 

There is, it seems to me, a rather fundamental reason to believe that quantities are 
better signals for situations demanding a high degree of coordination. A classical example 
would be the short run production planning of intermediate industrial materials. Within 
a large production organization, be it the General Motors Corporation or the Soviet 
industrial sector as a whole, the need for balancing the output of any intermediate com- 
modity whose production is relatively specialized to this organization and which cannot 
be effortlessly and instantaneously imported from or exported to a perfectly competitive 
outside world puts a kink in the benefit function. If it turns out that production of ball 
bearings of a certain specialized kind (plus reserves) falls short of anticipated internal 
consumption, far more than the value of the unproduced bearings can be lost. Factors 
of production and materials that were destined to be combined with the ball bearings and 
with commodities containing them in higher stages of production must stand idle and 
are prevented from adding value all along the line. If on the other hand more bearings 
are produced than were contemplated being consumed, the excess cannot be used im- 
mediately and will only go into storage to lose implicit interest over time. Such short 
run rigidity is essentially due to the limited substitutability, fixed coefficients nature of a 
technology based on machinery.’ Other things being equal, the asymmetry between the 
effects of overproducing and underproducing are more pronounced the further removed 
from final use is the commodity and the more difficult it is to substitute alternative slack 
resources or to quickly replenish supplies by emergency imports. The resulting strong 
curvature in benefits around the planned consumption levels of intermediate materials 
tends to create a very high comparative advantage for quantity instruments. If this is 
combined with a cost function that is nearly linear in the relevant range, the advantage of 
the quantity mode is doubly compounded. 


V. MANY PRODUCTION UNITS 


Consider the same model previously developed except that now instead of being a single 
good, q = (4, ---» J,) is an n-vector of commodites. The various components of q might 
represent physically distinct commodities or they could denote amounts of the same 
commodity produced by different production units. Benefits are B(q, n) and the cost of 
producing the ith good is c'(q;, 0;). As before, for each i the two random variables n 
and 0; are distributed independently of each other. ; ,) 

Suppose the issue of control is phrased as choosing either the quantities {q@;} which 
maximize 


E Ee n)— Yeas 0) 


1 The existence of buffer stocks changes the point at which the kink occurs, but does not remove it. 
For a more detailed treatment of this entire topic, see Manove [6]. poet \ 

2 Note that in the context of an autarchic planned economy, such pessimistic conclusions about the 
feasibility of using Lange-Lerner price signals to control short run output do not carry over to, say, 
agriculture. The argument just given for a kinked benefit function would not at all pertain to a food crop, 
which goes more or less directly into final demand. In addition, the cost function for producing a given 
agricultural commodity ought to be much closer to the classical smooth variety than to the linear pro- 
gramming type with just a few kinks. 
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or the prices { p;} which maximize 
E[B(h(p, 0), n)—Zel(h(pi, 9), 9,)]; 


where {/,(p;, 0;)} are defined analogously to (2). 
Naturally the coefficient of comparative advantage is now defined as 


A, =E IE (a0, ") : Y: (G00, ay} zs {a n)- Ce anh 


Assuming locally quadratic costs and benefits, it is a straightforward generalization 
of what was done in Section II to derive the analogue of expression (20), 


2 2 
Bj j03; a = mete) 


ti 2e,;e, pe Wearie ery 


where 
oi 2 El{ei(qu 0) —ELei (ai, O) 1} {c1(9j, 0,)—E[ci(q;, 6;)}}]. .».(22) 
To correct for the pure effect of n on A,, it is more suitable to work with the trans- 
formed cost functions 


C'(x,, 0,) = ne'(x,/n, 0,). a A(23) 


The meaning of C' is most readily interpreted for the situation where n different units are 
producing the same commodity or a close substitute with similar cost functions. Then 
C' is what total costs would be as a function of total output if each production unit were 
an identical replica of the ith unit. When “ other'things being equal ” n is changed, it is 
more appropriate to think of C' being held constant rather than c'. 

With C' defined by (23), we have 


Ch= ch .»(24) 


t 


Cae ...(25) 
n 


Relation (24) means that in the quadratic case the coefficients of the marginal cost variance- 
covariance matrix for the {C\} are the same as those given by (22) for the {ci}. Sub- 
stituting (25) into (21), 

By jo; i PRA? 

w2Ci;Cl; niz12Gh | 

The above formula shows that in effect the original expression for A holds on the 
average for A, when there is more than one producer. Naturally the generalization (26) 
is more complicated, but the interpretation of it is basically similar to the diagnosis of 
(20) which was just given in the previous section. 

There is, however, a fundamental distinction between having one and many producers 
which is concealed in formula (26). With some degree of independence among the distribu- 
tions of individual marginal costs, less weight will be put on the first summation term of 
(26). Other things being equal, in situations with more rather than fewer independent 
units producing outputs which substitute for each other in yielding benefits, there is a 
correspondingly greater relative advantage to the price mode of control. Although this 
point has general validity, it can be most transparently seen in the special regularized case 


of one good being produced by many micro-units with symmetrical cost functions. In 
such a case 


...(26) 


By, = B ...(27.i) 
Cal es ..(27.ii) 
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03 =o? (27.41) 
-01;, =po*, i #j, -1SpS1. ...(27.iv) 


The coefficient p is a measure of the correlation between marginal costs of separate 
production units. If all units are pretty much alike and are using a similar technology, 
p is likely to be close to unity. If the cost functions of different units are more or less 
independent of each other, p should be nearly zero. While in theory the correlation co- 
efficient can vary between plus and minus unity, for most situations of practical interest 
the marginal costs of two different production units will have a non-negative cross cor- 


relation. 
Using (27), (26) can be rewritten as 
B'o? oc : Ba? oc 
A, 2 pl — + — | +(l—p){- I ao Oe 
is (5 ie) ol! n2Cc IC ee) 


If the marginal costs of each identical micro-unit are perfectly correlated with each 
other so that p = 1, it is as if there is but a single producer and we are exactly back to the 
original formula (20). With n>1, as p decreases, A, goes up. A ceteris paribus move 
from dependent toward independent costs increases the comparative advantage of prices, 
an effect which is more pronounced as the number of production units is larger. If there 
are three distinctly different types of sulphur dioxide emitters with independent technologies 
instead of one large pollution source yielding the same aggregate effect, a relatively stronger 
case exists for using prices to regulate output. 

When it is desired to control different units producing an identical commodity by 
setting prices, only a single price need be named as an instrument. The price mode there- 
fore possesses the ceteris paribus advantage that output is being produced efficiently ex 
post. With prices as instruments 


ci(Gi, 0;) = CAGE 0;) = p, 
whereas with quantities 
c(4s 0;) # ch(4;, 0;) 


except on a set of negligible probability. 
Using prices thus enables the centre to automatically screen out the high cost producers, 
encouraging them to produce less and the low cost units more. This predominance in 
efficiency makes the comparative advantage of the price mode go up as the number of 
independent production units becomes larger, other things being equal. The precise 
statement of such a proposition would depend on exactly what was held equal as n was 
increased—the variance of individual costs or the overall variance of total costs. For 
simplicity consider the case of completely independent marginal costs, p = 0. Then 
(28) becomes 
1 B’a*(n) . 0?(n) 
pees igs 20'™ 


where o7(n) is implicitly some (given) function of n. If the “ other thing i being equal is 
the constant variance of marginal costs for each individual producing unit, then a(n) = o*. 
If the variance of total costs is held constant as n varies, o?(n) = no*. Either way A, 
in (29) increases monotonically with n and eventually becomes positive. 
It is important to note that such ceteris paribus efficiency advantages of the price 
mode as we have been considering for large n are by no means enough to guarantee that 
A, will be positive in a particular situation for any given n, True, what aggregate output 
is forthcoming under the price mode will be produced at least total cost. But it might be 
the wrong overall output level to start with. If the {-By} are sufficiently large or the 
{Cu} sufficiently small, it may be advantageous to enjoy greater control over total output 


Ilo 


...(29) 
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by setting individual quotas, even after taking account (as our formula for A, does) of 
the losses incurred by the ex post productive inefficiency of such a procedure.* 

Returning to the general case with which this section began, we note that the basic 
difference between benefits and costs becomes somewhat more transparent in the n com- 
modity vector formulation. Only the centre knows benefits. Even if it could be done it 
would not help to transmit B(.) to individual production units because benefits are typically 
a non-separable function of all the units’ outputs, whereas a particular unit has control 
only over its own output. In any well formulated mode of decentralized control, the 
objective function to be maximized by a given unit must depend in some well-defined way 
on its decisions alone. For the purposes of our formulation B need not be a benefit and 
the {c'} need not be costs in the usual sense, although in many contexts this is the most 
natural interpretation. The crucial distinction is that B is in principle knowable only by 
the centre, whereas c! is best known by firm i.” 

When uncertainties in individual costs are unrelated so that the random variables 6; 
and 0, are independently distributed, the decision to use a price or quantity instrument 
to control q, alone is decentralizable. Suppose it has already been resolved by one means 
or another whether to use price or quantity instruments to control g, for eachj # i. Toa 
quadratic approximation, the comparative advantage of prices over quantities for com- 
modity i is 


...(30) 


which is exactly the formula (20) for this particular case. 

In some situations, “‘ mixed ” price-quantity modes may give the best results. As a 
specific example, suppose that qg, is the catch of a certain fish from a large lake and q, 
from a small but prolific pond. Let q, be produced with relatively flat average costs but 
qz have a cost function which is curved at the optimum somewhat more than the benefit 
arcs The optimal policy according to (30) will be to name a quota for q, and a price 

OF qo. 
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This paper compares the relative efficiencies of pollution taxes, pollution standards, and 
the auctioning of pollution rights when the marginal damage function or marginal control 
cost are subject to uncertainty. In the first case, we find that all instruments yield the same 
expected social surplus. In the latter case, the choice of the optimal instrument depends, in 
general, on the relative elasticities of the marginal damage and marginal expected cost 
functions, on the way in which uncertainty enters the model, and on the distribution of 
the error term. Policy conclusions are derived. 


]. INTRODUCTION 


The choice between alternative pollution contro] instruments typically centers on 
comparisons of transaction costs, and administrative and policy costs.' While such 
cost comparisons are no doubt important, we question why the role of uncertainty is 
generally omitted in welfare calculations. Practitioners in the field of environmental 
quality recognize that uncertainty concerning the nature of the marginal damage 
function and the marginal control cost function are major stumbling blocks to selecting 
Pareto-efficient policies. Perhaps the omission of uncertainty in the instrument choice 
discussion is due to an implicit assumption that uncertainty, while pervasive, is simply 
neutral to the instrument choice question. A notable exception is Lerner [6] who 
recognized that the relative slopes of the marginal damage and control cost functions 
should affect the choice between price and quantity controls. 

As an extension to Lerner’s conjecture, this paper delimits the circumstances under 
which uncertainty does and does not affect the choice between the following three 
policy instruments: taxes (a flat excise tax per unit of pollution); standards (quantita- 
tive controls on the amount of pollution generated by each source or firm); and the 
Dale’s proposal [3] for the auctioning of a fixed quantity of transferable pollution 


1 For example, see [3, 5], 

? For an example concerning SO, taxes, see [4], where major uncertainty about the availability 
of flue-gas desulphurization is a problem. 

* Note that throughout, we assume standards are set such that the marginal cost of abatement is 
equalized across firms, i.e., they are Pareto-efficient. Later, we return to this assumption. 
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rights. This paper shows that certain types of uncertainty can affect our choice between 
the three instruments while other types should not. 

In order to delimit the circumstances under which uncertainty matters, it is necessary 
to distinguish the types and sources of uncertainty. Uncertainty permeates environ- 
mental policy-making in terms of the calculations of both marginal damages and 
marginal control costs. Uncertainty can manifest itself to the individual firm’s decision 
makers and/or to the pollution control agency. At the firm level, uncertainty enters 
through the firm’s marginal control cost function and through uncertainty induced 
by the control agency. Uncertainty concerning the firm’s marginal cost function for 
pollution abatement is partially technology-induced as the control technology may 
be unproven or so new that future cost reductions due to potential scale economies, 
learning-curve phenomena, or technology diffusion rates are uncertain. In addition, 
uncertainty about future input prices introduces added uncertainty to the firm’s 
marginal control cost function. As firms are well aware, the actions of the control 
agency can introduce an added source of disturbance. Examples include frequent 
changes in the pollution tax rate, changes in the pollution standards, or variations in 
the auction price for tickets. 

Uncertainty at the level of the pollution control agency includes many of the same 
phenomena facing the firm, such as the uncertainty attached to the firm’s marginal 
cost functions which in turn imparts uncertainty to the aggregate marginal control 
cost function facing the agency (society). Technologic and input price uncertainties 
prevail at cither level of dissaggregation. While the agency is presumably free of the 
uncertainty it confers on the firm through policy changes, it faces two additional 
sources of uncertainty. First, even if the firm’s marginal cost functions are known, the 
marginal contro! cost function facing the agency may not be known. Baumol [1 ] has 
considered these uncertainties and found them so pervasive that he favors policies 
which effectively disregard Pareto-efficiency criteria.‘ 

A second and perhaps the most perplexing form of additional uncertainty is that the 
agencies have only vague ideas about the social marginal damage function. The 
standard errors attached to estimates of health and real estate costs of air pollution 
are indeed large. Thus a type of measurement uncertainty is connected with the 
marginal damage function owing to the difficulties of measuring social damage from 
pollution. Even with correctly measured marginal damage functions, a stochastic 
component would still enter through ambient air conditions which change continuously 
depending on climatic conditions. In the case of air pollution, factors varying daily, 
such as wind velocity and direction, affect the social damage of a given pollutant 
discharge. 

In opposition to Baumol’s policy advice, this paper posits that the purpose of policy 
in the face of uncertainty is to maximize expected welfare. In Section II, we begin by 
examining uncertainty at the level of the control agency. First, we contrast the expected 
welfare losses of all three policy instruments when uncertainty enters the marginal 
damage function. Second, we contrast the three instruments assuming the marginal 
contro! cost function is subject to uncertainty. These exercises reveal a fundamental 
asymmetry in the effects of uncertainty. In Section III, we consider how uncertainty 
combined with risk aversion by firms might change the previous results. Section IV 
explores differential uncertainty effects between standards and auctions. In Section V, 
we recapitulate the major policy implications. 


4 Also see [2]. 
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Fic. t, Uncertain marginal damage function. 


Il. UNCERTAINTY AT THE AGENCY LEVEL 


This section illustrates that there is a basic asymmetry in the effects of uncertainty 
associated with the marginal damage function vis-d-vis the marginal control cost 
function on the choice between taxes, standards, and auctions. First, consider the case 
where the marginal control cost function (MCC) is known, and only the marginal 
damage function (MDF) is subject to uncertainty. In Fig. 1, we measure along the 
quantity axis, the pollution abated; corresponding to the origin of 0 reductions is the 
uncontrolled discharge of Qy,ax. Policies based on the hypothesized marginal damage 
function would result in a tax of Pr, the abatement of Qs units under a standards 
policy, or the auction of Q,,ax — Qs tickets. Due to uncertainty, the realized marginal 
damage function (MDF) deviated from the hypothesized MDF function in Fig. 1. 
Equivalent welfare losses will occur under a tax, standards, or an auction. With a tax 
policy, where the tax is set at Pr, emissions abated will only be Qs and the welfare loss 
from a tax is given by the shaded area ABC. Under a standards or auction policy, the 
emissions abated are again only Qs, while the optimal reduction is Qs*. Likewise, the 
welfare loss associated with these policies is the area ABC. Thus all three policies yield 
similar welfare losses. The explanation for this equivalency is that the quantities dis- 
charged, irrespective of the instrument, depend solely on the marginal control cost 
function, which is certain in this case, thereby resulting in identical quantities dis- 
charged, irrespective of the policy instrument. Thus the introduction of uncertainty 
in the damage function has nothing to say about the choice of policy instruments. 

While intuition might suggest that similar results hold for the case in which the 
marginal control cost function is uncertain, this is not the case. Figure 2 illustrates a 
case in which the optimal tax, Pr, and the equivalent optimal quantity, Qs, are assigned 
based upon the hypothesized shape of the marginal control cost function (MCC). 
However, the actual marginal control cost function turns out to be MCC’ as marginal 
costs are much higher than anticipated. 

With a tax of P;, only Q’ emissions were abated, even though at Q’ the marginal 
damage rate (Q’B) exceeds the marginal costs (Q’A). An optimal tax, P;*, would 
have provided for emission abatement of Qs* and would have avoided the welfare 
loss given by the shaded area (ABC). 

With perfect hindsight, the optimal standard would have been Qs*. The resulting 
welfare loss from a standards policy is given by the shaded area CDE. Similarly, since 


The Economics of the Environment 
POLLUTION CONTROL UNDER UNCERTAINTY 181 


for an auction only Qiux — Qs tickets would be auctioned, the level of pollution is 
reduced to Qs and the welfare loss is equivalent to that of a standards policy (CDE). 
As Fig. 2 illustrates for the case depicted, the welfare loss from a tax clearly exceeds 
the welfare loss for either a standards or auction policy. Therefore, we observe a 
fundamental asymmetry between uncertainty in the MDF, which leads to equivalent 
welfare losses, and uncertainty in the MCC curve which produces dichotomous results 
between taxes and quantitative restrictions (either in the form of an auction or stan- 
dards). The explanation is that in the former case the MCC is known, thus price or 
quantitative controls are equivalent, while, with a stochastic marginal control cost 
functions, this uniqueness between prices and quantities no longer holds since quantity 
under a tax varies with shifts in MCC. 

Clearly, the welfare loss, CDE is not equal to the welfare loss ABC. In the case 
plotted in Fig. 2, the former is smaller, indicating the superiority of quantity restric- 
tions. This, of course, is not a general result; the welfare loss from setting the tax Pr 
can be approximated by the area of the triangle ABE less the area ACE, and can be 
expressed by | 

WLy — ACE = AP AQ», (1) 
where 
APy = AB and AQy = Qs — Q. 


Substituting the elasticity (e,) of the MDF curve, (1) can be also written as 
WLy — ACE = —(3)(P/Q)(AQr)(1/ex). (2) 


The welfare loss associated with a quantitative restriction can be viewed graphically 
in Fig. 2 as the triangle 4 DE less the area ACE. The new welfare loss can be approxi- 
mated as 


WL, — ACE = 3APsAQs, where APs = DE and AQs = Qs— Q’. (3) 


Equation (3) can be restated in terms of price, quantity, and the elasticity of the 
control cost function (e,). 


WL, — ACE = (2)(P/Q)(AQ.)*(1/ec). (4) 
Combining Eqs. (2) and (4), and using the fact that AQ, = AQ», yields 
WLy — WLq = —(2)(P/ QAO) (1 /eu) + C/ee)): (5) 
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Fic, 2, Uncertain marginal control cost function. 
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Equation (5) suggests that tax and standards policies will have identical welfare loss 
properties only when (a) the damage and control cost elasticities are equal in absolute 
value, or (b) AQ = 0, i.e., actual equals the hypothesized marginal control cost 
function implying zero welfare losses. An important implication of (5) is that standards 
are preferable when e, approaches zero and a tax policy is preferable when e, ap- 
proaches zero, ceferis paribus. 

This result suggests a fundamental asymmetry between the uncertainty in the 
damage function and in the control cost function on the relative effectivencss of tax, 
standards, and auction policies of abating pollution. When MDF deviates from its 
hypothesized value, all policies will generate the same deadweight loss. With (vertical) 
variations in MCC, we should expect welfare losses which depend on the slopes, or 
elasticities of the MDF and MCC curves. The marginal control cost function forms a 
behavioral relation for the firm under a tax. If MCC is known, taxes and quantitative 
instruments yield equivalent reductions in pollution, irrespective of movements in the 
marginal damage function. In contrast, the actual, as opposed to the hypothesized, 
marginal damage function, evinces no quantitative response irrespective of the in- 
strument. Thus variations in MDF produce no dichotomy between price (tax) and 
quantitative (standards or auction) policies. 

This asymmetry between uncertainty in the damage and control cost functions 
carries over to the problem of selecting the optimal policy instrument as well as the 
level of control under uncertainty. 

First, consider the case where MDF is random, and the goal of the agency is to 
maximize expected welfare (i.e., minimizing the expected area ABC in Fig. 2). 

Let MDF be given by the relationship 


MDF(q, «), (6) 


where q is the quantity abated and w is a random variable with known density dF(u). 
By assumption, MCC is a known function depending only on the level of abatement 


MCC QQ), (7) 


with quantitative restrictions of either a standards or auction type. An agency at- 
tempting to maximize the expected welfare gain will set Qs such that expected con- 
sumers’ and producers’ surplus is maximized as follows. 


Qs 
E LMDFQ(, wv) — MCC@) ]dq. (8) 


ee: 


Under a tax policy, the agency will again set a tax, P, so as to maximize the expected 
consumers’ and producers’ surplus 


QP) 

E | LMDF(q, «) — MCC(q) Jdg. (9) 
0 

Since Q,(P) is the single valued relation Q, = MCC—(P), which is. known with 

certainty, maximizing (8) with respect to Q is equivalent to maximizing (9) with 


respect to Py. The optimal quantity corresponding to P* (i.e., Os* or Q,(P*) ] is given 
by the first-order condition 


E MDF(Qs*, w) = MCC(Qs*). (10) 
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The second-order condition invariably holds since we assume a negatively sloped 
MDF curve and a positively sloped MCC. Substituting optimal Q,* into (8) we can 
find the value of the maximized expected welfare gain. In the linear case with an 
additive error term shown in Fig. 2, where 


MDF = a— bg +u, (11) 
where E(u) = 0 and 
MCC = a + fq. (12) 
Note that (10) reduces to 
Q* = (a—a)/(b+B) and Pt =a+B(a—a)/(b +8). (13) 
The expected welfare gain (EWG) depends only on the parameters a, a, 6, and 8, and 
is independent of the distribution of wu. 
1 (a — a)? 
2 (6+ 8B) 


We conclude that when MDF is uncertain and the agency is risk neutral, expected 
MDF should be used in the selection of optimal control levels. Moreover, taxes, 
standards, and auctions have the same resulting performance.® 

Next, consider the case where MDF is known with certainty, but MCC is subject 
to a stochastic disturbance as given by 


MCC, w), (15) 


EWG (14) 


where again uw has known density of dF(w). With quantitative controls, we obtain 
results similar to the previous case. Maximizing with respect to Q, the expectation 


Qs 
E {[MDF(q) — MCCQ@, ) |dqg = E (2), (16) 


0 
we conclude that the risk neutral agency should again select Q,* to satisfy 
ELMDF(Q,*) — MCC(Q,*, u)] = 0, (17) 


i.e., that Q,* where MDF equals expected MCC. This result is independent of dF(u) 
and of the particular form of uncertainty in MCC. 
When a tax policy is used, the quantity of pollution abated with a given tax rate 
Py is a random variable ; 
O, = MCC"(P), 1). (18) 


Writing the expression for expected welfare gain 


MCC-1(Pr, u) 
EWG.= E / [MDF(y) — MCC, «) kg, (19) 


0 


we realize that this source of uncertainty compounds the uncertainty of producer 
surplus for a given Q,, and that in general the frequency distribution of wand the form 
in which it enters MCC will affect both the optimal tax, ?y*, and the expected welfare 
gain, EWG. To illustrate this conclusion, consider first the generalization of Fig. 3, 
which depicts a linear MDF and MCC, and wenters MCC additively. While an additive 


5 This is not to say they are equivalent in other respects, 
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stochastic error term facilitates the exposition, it has considerable economic content 
since factor price variations in inputs subject to a Leontief production technology 
would produce additive errors. Specifically, we assume 


MCC tare Ones E(u) = 0. (20) 


Optimal P+ can be derived by solving 


d QP) he we 
Hef (a t)-@+a+mle=TE@=0 — @b 
dP“ Jo Ghee 
where 
Q(P) = (1/6)LP — a — u]. (22) 
Differentiating, and substituting (22) into (21) we find the optimum condition to be 
(Pt — a)/8 = EQ(P*, u) = (a — @)/(b + 8), (23) 


which means that P* should be selected such that MDF equals expected MCC at the 
optimal level of abatement. Note the similarity to our general result for quantity (‘.e., 
standards/auction) setting policy, but note also a difference: substituting into (16) an 
MCC with an additive error term, the expected welfare gain for the optimal standards 
or auction policy is 


E(@) 


| (a— ap 


PH AE 6 


(24) 


Substituting (23) into the expectation in (21), we find that with a tax policy, the ex- 
pected welfare gain for a tax [E(Z)] is 


ae x b+, 
E(z) = (a—a) EQ — (-<=)E@- E uQ, 
25 
la@—ay? b-—8B — 
= —-- Bes 
2 (b+ B) 252 
and since E Q(P*, u) for the tax policy equals Q* for the standards policy, 
E(2) — E@) = Ew((6 — 6)/26"]. (26) 


This is a generalization of the result in (5). It indicates that when the slope of the 
expected MCC is steeper than MDF, a tax policy is preferred to quantity restrictions, 
and vice versa. Note that for given MCC and MDF, the difference in performance 
between the two policies is proportional to the variance of w,*° but the choice of optimal 
policy is independent of it. 

A multiplicative disturbance term in the marginal control cost function is interesting 
to contemplate since, like a heteroscedastic error term, its variance increases with 
marginal costs. This is not unrealistic as technology for high cost, low abatement 
technology is no doubt subject to greater uncertainty. When MCC contains a multi- 


‘If MCC were nonlinear, it would depend on higher moments of dF(u) as well. 


The Economics of the Environment 139 


POLLUTION CONTROL UNDER UNCERTAINTY 185 
plicative error term, i.e., 
MCC = (a + Bq)u, fe. ((07) = 
Cg) = ang + 3 (Bu)'g?, 


our conclusions change. The expected welfare gain of standards or an auction is 


(27) 


Q 
B@)=E [Ca — ba) ~ (a+ baw ls (28) 
0 
and maximizing E () with respect to Q still yields the familiar first-order condition 


O° = (a — a)/ + 8). (29) 


Again, the quantity should be selected where MDF equals expected MCC. 
However, when a tax policy is used, this result should.be modified. Differentiating 
(28) with respect to P where the upper bound of the integral is 


O(P, u) = (P — ua)/uB (30) 
yields the first-order condition 
E [(a/u) — @] = B {Q(P, wE(b/w) + BY}, Gl) 
or 
F i 
E ae MDF(Q) = E e MCC(Q, w), (32) 
“ OP “ oP 


which is different, of course, from the quantity conditions. Nevertheless, we can still 
maintain that the economic meaning of the optimal condition is equating expected 
marginal damage to expected marginal cost, but in this case, with respect to price 
rather than quantity. 

In a manner similar to the additive case, we can now compare the maximized 
expected welfare gain under a tax policy and a standards/auction policy. Not sur- 
prisingly, the result depends again on parameters of MCC and MDF, 


‘ agp + ab _ a-—a ap + ab 
E(z)=— E@) = =| EQ saira ts —— LE O 2.0" er 123) 
ts i 2p % b+B8 2B 
where E,,Q is expected quantity abated under the optimal tax, and Q* is the optimal 
quantity abated under a standards/auction scheme. Since O = (P — au)/pu, the 
choice of optimal policy depends on dF(u). 

We conclude that when MCC is random, the cffects of taxes and quantity controls 
of pollution will differ, and that the choice of the optimal instrument depends on (a) 
the parameters of MDF and expected MCC, (b) the particular way in which the 
random element u enters the MCC, and (c) the frequency distribution of w. 

Admittedly, the difference in the expected welfare gains is more cumbersome to 
calculate for policy analysis than the simple case where the disturbance is additive and 
we need only measure the relative elasticities, or slopes and the variance of wu. Never- 
theless, we believe such calculations are possible and instructive. Policy analysts 
definitely have some knowledge about the parameters of MDF and MCC [point (a) ], 
since this is presumably the basis for current decision making. By the types of economic 
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rationales offered here for additive and multiplicative disturbance terms, we feel that 
policy analysts can distinguish the types of uncertainty [point (b)] most relevant to 
the case at hand. Finally, as for the frequency distribution of u [point (c)], our sug- 
gestion is simply to test for sensitivity using several alternative distributions as the 
policy implications may turn out to be quite robust with respect to distributional 
changes in v. 


Ill. UNCERTAINTY AT THE FIRM LEVEL AND RISK AVERSION 


The results of the previous section hold for cases in which (1) uncertainty exists 
only at the agency level or (2) uncertainty exists both at the agency and firm level and 
firms are risk neutral. The first situation is obvious, but the second involves the 
critical question of whether the expected marginal control cost function evinces a 
behavioral relationship as well as the social costs of abatement. Throughout this paper, 
we treat the private and social costs of abatement as equivalent. If the expected MCC 
does in fact measure private abatement costs, we will face the question of whether it 
describes a behavioral relation. For the risk neutral firm, it is well known that decisions 
are based on expected marginal costs. Therefore, under risk neutrality, the expected 
marginal control cost curve facing the agency is nothing more than the summation 
of firms’ expected marginal cost functions for abatement. 

For the risk averse firm, the agency’s expected marginal control cost curve describes 
the relevant expected social costs; however, it does not represent a behavioral relation- 
ship. The introduction of risk aversion in firm behavior complicates our results and 
adds another interesting asymmetry. We introduce risk aversion in the firm’s behavior 
by hypothesizing that firms behave as if they possess a well-behaved utility of profits 
function, U(r) with U’(r) > 0, U(r) < 0, and act to maximize the mathematical 
expectation of utility.7 Thus, when the firm knows only the frequency distribution of 
Py when making its pollution decision it is assumed to maximize with respect to Q 
the following expected utility of profits: 


E ULPrQ — C(Q)]. (34) 


When P* is certain but C(Q) is uncertain, we replace C(Q) by the random cost relation- 
ship C(Q, wu). The firm maximizes 


E ULPrQ — C(Q, u)]. (35) 


Analysis of the first- and second-order conditions of these maximization problems 
usually reveals that the firm will not operate where its expected marginal cost equals 
the expected price as we established for the risk neutral firm. 

When Py is uncertain, Sandmo has shown that the firm will produce the output, 
where Py > C’(Q). In a similar manner, when marginal costs are stochastic, the first- 
order condition 


EU(@)[Pr— C(Q,u)]=0, # = PrQ— C(Q,u), (36) 
implies that under risk aversion, 


Py > E C’(Q, wu). (37) 


Ss See [7] for a model of the competitive firm facing an uncertain price. This assumption has been 
widely used in other studies of the economics of the firm under uncertainty, 
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Fic, 3. Uncertain marginal control costs and risk aversion, 


As a consequence of the fact that P > C’(Q, u) and P > C’(Q), we can no longer 
use the expected MCC curve to evaluate both the social cost of pollution abatement 
and to determine the supply response of the polluting firm to a given policy. 

For example, in Fig. 3, MDF and the expected MCC curve still have the same 
normative meaning as in Section If above, but now we represent the firm’s behavior 
by the “supply” curve S. In order to maximize the expected welfare, the agency con- 
cludes that price P* and quantity Q* are optimal. Following the exposition in Fig. 2, 
we assume that the actual MCC differs from the expected MCC. Under risk neutrality, 
the tax P* would have resulted in the abatement of Q’ with welfare loss of CHG; how- 
ever, risk aversion lead to a reduction of Q” and a welfare loss of A BC. Note however, 
that the quantitative restriction (either standards or an auction) resulted in a Joss of 
CDF, the same loss as under risk neutrality. In sum, the asymmetry between taxes and 
quantitative restrictions for uncertain MCC still holds. The expected welfare loss in 
Eq. (26) between taxes and quantitative standards would, however, need to be altered 
for the effects of risk aversion. 


1V. SOME CAVEATS AND ADDITIONAL INSIGHTS 


Up until now the careful reader might ask why the analysis has been concluded in 
terms of three policy instruments when the affects of uncertainty have so far fallen 
into two dichotomous groups—price controls (taxes) and quantity controls (standards 
and auctions). The answer is that despite the above, standards and auctions are not 
identical with respect to uncertainty. One of the primary motivations for auctions in 
place of standards is that they reduce the information requirements of the agency since 
for standards to be applied efficiently, the agency must know the individual firm’s 
expected marginal cost function for abatement. Obviously, the auction reveals this 
information in a much cheaper manner to the agency. As a consequence, the auction 
avoids the uncertainty attendant to the more complex informational requirements of 
standards. 

While auctions have less informational uncertainty attached to them than standards, 
it is conceivable that under certain conditions some offsetting welfare effects may exist. 
In the case where the sole source of uncertainty is being induced by the auction via 
large price variation, the expected auction price will lie above the expected marginal 
control costs for the risk averse firms. If the difference between the auction price and 
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marginal control costs (a type of risk premium) is merely a pecuniary payment to risk, 
then expected MCC continues to measure expected social abatement costs and the 
auction generates no attendant welfare loss. However, if the firm expends real re- 
sources to avoid this risk premium,® then social costs may be increased in an auction 
relative to more certain government policies such as taxes or standards. We feel that 
in most cases the welfare effects induced by the auction’s uncertain price are likely to 
be small relative to the greater informational uncertainty attached to standards. On 
the other hand, the welfare effects of large variations in the auction price would appear 
to offer some explanation for why auctions could not replace standards on offshore oil 
production, nuclear reactor design, and other cases where the price for tickets might 
be subject to large variations. 


V. SUMMARY AND POLICY IMPLICATIONS 


This paper reaches the following three major conclusions regarding differential 
welfare effects between taxes, standards, and auctions. 


(1) Uncertainty in the marginal damage function has absolutely no effect on the 
choice between the three policy instruments. 

(2) Uncertainty in the marginal control cost function will yield different expected 
welfare losses between taxes or quantitative restrictions (standards or auctions) 
depending on the variance of the stochastic error term and the slopes or elasticities of 
the MDF and MCC functions. 

(3) Even under risk aversion, this asymmetry still holds, however, now the 
welfare loss also depends on the degree of risk aversion. 


In conclusion, in situations of uncertain marginal control costs where the marginal 
damage function tends to be very price elastic, such as believed to occur for SO 
emissions, a strong case can be made for taxes. On the other hand, where the marginal 
damage function is very inelastic, quantitative restrictions of an auction or standards 
type appear desirable. 

In cases where quantity restrictions are appropriate, auctions and standards are 
not equivalent. Unlike auctions, standards introduce added informational uncertainty, 
which seems likely to dominate possible welfare losses due to wide variations in the 
auction price. 
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This paper is concerned with pollution control when the regulators are uncertain about firms? 
cleanup costs. Under these circumstances, the regulatory authority can reduce expected total 
social costs (Consisting of damages from pollution and cleanup costs) below the levels achiev- 
able with either effluent fees or licenses. The reduction is achieved by the use of licenses supple- 
mented by an effluent subsidy and a finite penalty, when efuents are below or above the levels 
permitted by licenses. The mixed system retains the property of efficiently distributing cleanup 
among firms. 


1. Introduction 


The purpose of this paper is to explore, in the context of a simple model, 
what kind of policy might be used to control pollution, when the regulatory 
authority 1s uncertain what the actual costs of pollution control will be. In 
posing the problem as we do, we are rejecting the idea that the government can 
iteratively ‘feel out’ the ‘optimum’ by successively announcing and revising its 
policies in light of the responses of waste sources. Much of the investment that 
will be made in any pollution control program will take several years to plan 
and complete and will be largely irreversible once in place. Thus the response 
to all subsequent policies will be heavily dependent on previous history. Indeed 
the cycle time may be so great as to prevent convergence, since the ‘correct’ 
solution will be constantly changing. Given these circumstances, we have chosen 
to explore the once-and-for-all problem, where the government seeks to achieve 
a comparative static maximum in expected utility terms. 

The principal point of the paper is that a mixed system, involving effluent 
charges and restrictions on the total quantity of emissions via marketable 
licenses, is preferable to either effluent fees or the licenses used separately. 
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This follows because a mixed system permits the implicit penalty function 
imposed upon the private sector to more closely approximate the expected 
damage function for pollution at each level of total waste output. 

In setting up this model, we are fully conscious of the differences between the 
formal structures we will.use and real situations, and we will call attention to 
some of them as we proceed. The point of this exercise is not to ‘prove’ one or 
another approach ‘better.’ Rather, by exploring and manipulating some simpli- 
ficd conceptualizations, we hope to develop some insights and formulations 
which will prove to be useful in formulating policy. 

The problem is posed as one of choosing a control scheme so as to minimize 
expected total social costs, these being the sum of (1) expected damages from 
pollution and (2) cleanup costs. In order to actually implement any policy, the 
regulatory authority must quantify its uncertainty about cleanup costs in the 
form of subjective probabilities. Given these probabilities, the calculation of the 
optimal parameters for the sort of mixed scheme we will develop is sufficiently 
straightforward that we believe it could be made even with limited analytical 
resources. 

EMuent charges and marketable licenses have the virtue of inducing the private 
sector to minimize the costs of cleanup. But in the presence of uncertainty, they 
differ in the manner in which the ex post achieved results differ from the socially 
optimal outcome. Effluent charges bring about too little cleanup when cleanup 
costs turn out to be higher than expected, and they induce excessive cleanup 
when the costs of cleanup turn out to be low. Licenses have the opposite failing. 
Since the level of cleanup is predetermined, it will be too high when cleanup 
costs are high and too low when costs are low. 

Given that effluent charges and license outcomes deviate from the optimum 
in Opposite ways, which kind of imperfection is preferable? It turns out, plaus- 
ibly cnough, that the answer depends upon the curvature of the damage function. 
When the expected damage function is linear, an effluent charge equal to the 
slope of the damage function always leads to optimal results, regardless of what 
costs turn out to be, while licenses do not. On the other hand, if marginal 
damages increase sharply with eMuents, licenses are relatively more attractive 
and yield lower expected total costs than the fee system. 

Licenses and effluent charges can be used together further to reduce expected 
total costs. Each can protect against the failings of the other. Licenses can be 
used to guard against extremely high levels of pollution while, simultaneously, 
eMucnt charges can provide a residual incentive to clean up more than the 
licenses required, should costs be low. 

In what follows, the model is described and the mixed effluent fee license 
scheme set forth and analyzed. In an appendix, we argue that one can come 
arbitrarily close to minimum expected total costs with the use of multiple 


licenses supplemented by a carefully constructed schedule of effluent 
fees, 


The Economics of the Environment 


M.J. Roberts and M. Spence, Effluent charges under uncertainty 195 


2. Notation 


To simplify the exposition we assume all waste dischargers have the same 
impact on ambient conditions at the one point we monitor. We will not con- 
sider multiple monitoring points, or substances, though the analysis could be 
generalized in that direction.* Thus we can use a single variable, x, to indicate 
both the total pollution discharged and the resulting quality of the environment. 
Damages from pollution are measured in dollars. Expected total damages are 
denoted by D(x). There are, of course, significant uncertainties associated with 
damages. And if risk aversion were assumed, the monetary equivalents of the 
damages associated with various policies would rise. The analysis to follow, 
which focuses upon costs and cleanup, could be amended to account for risk 
aversion. For expositional clarity, we will deal only with expected damages. 

The current level of output of the pollutant of firm /is X;. The costs of cleanup 
for firm / are uncertain from the point of view of the regulators. This uncertainty 
is summarized by a random variable, . The costs of cleanup for firm /are stated 
as a function of its output of pollution, x;, and the random variable @, and are 
denoted by c'(x;, ). These costs represent reductions in total profits. Adjustment 
in cleanup may be accompanied by changes in the levels of outputs and inputs 
of the firm. Our assumption here is that this reduction in profits accurately 
reflects the social cost of cleanup, which can be shown to be correct if markets 
are competitive.* By definition, when there is no cleanup, x; = X,; and c'(X;, ¢) = 
0. 

Total cleanup costs, c(x, d), are simply the sum of the individual firm costs. 
Again we can simply use ¢ to parameterize our uncertainty. Hlowever, in what 
follows, whenever we write c, we do so only to refer to circumstances where the 
cleanup is distributed among firms in a cost minimizing manner, so that by 
definition, 


CO =) (yD) 


L 


2Montgomery (1972) considers the problem of multiple points of concern. ' 
3The argument is as follows. Let P(g) be the inverse demand for the firm, and d(q, x) its 
costs. The eflluent charge is ¢. The surplus generated by the market is 


T = |, P(s)ds—dq, x)—ex. 
Differentiating with respect to x, we have 


sl ee (ewe! tedwe)s 

dx dx 
A profit maximizing firm will set d,+e = 0. At that point d7/dx = 0 only if either P = d, 
(price equals marginal cost — the industry is compctilive) or dg/dx = 0. The latter occurs W nen 
dy, = 0. Therefore, when a competitive industry maximizes profits or costs or proltt losses, 
the social optimum is achieved. But if the firm has market power p = d,, there will be too 
much or too little cleanup depending on the sign of dq/dx. 
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where x = ¥,.x;, and forall and), 


Cd) = ele. «p). 


The following assumptions are carried throughout: D”(x) > 0, so that D(x) 
is convex, and c, < 0, ¢,, > 0; marginal cleanup costs increase at an increasing 
rate. The random variable ¢# represents ‘states of the world.’ It simply captures all 
the relevant uncertainty about cleanup costs. It can be thought of as an exhaus- 
tive labeling of the possible cleanup cost functions for all polluters. The reader 
may find it easier to think in terms ofa large, but finite, exhaustive list. However, 
to facilitate the following analysis, we will assume that cy, > O and that c.g, < 0. 
This means that as # shifts, both absolute and marginal costs shift in the same 
directions for all values of x. In particular, members of the family of aggregate 
costs do not cross. 

The regulatory authority’s decision problem is to choose a pollution control 
scheme to minimize expected total costs. Their subjective distribution for 
is represented by /(?). Expected total costs are 


T = {[Dx) +c, d)I/f() dd = ELD(X) + eC, 9)]. 


In general, x will be a function of @. The function will vary with the scheme 
being used for controlling pollution. It 1s assumed that firms know or can find 
out their cleanup cost functions. The uncertainty therefore attaches to the 
regulatory authority. 


3. Controlling yia mixed effluent charges and licenses 


The control mechanism we want to put forward has three components. 
First there is a finite set of transferable licenses that are issued by the regulatory 
authority, and are bought and sold in a market. The quantity of licenses is /. 
The number of licenses held by firm / is denoted by /;. Second, there is a unit 
eMuent subsidy, denoted by s. It is paid to any firm whose license holdings, 
/,, exceed ils emissions, x;. Thus if /; > x;, the firm receives s(/;—x;). Finally, 
if a firm’s emissions exceed its holdings of licenses, so that x; > /;, then it is 
assessed a per unit penalty of p, or a total penalty of p(x;—J/;). The three com- 
ponents then are licenses, /, an efficient subsidy, s, and an efMluent penalty, p. 

We want to demonstrate that this approach has several properties. First, it 
allocates cleanup among polluting firms efficienctly.* Second, it is preferable 
to cither a pure cMlucnt fee or a pure license scheme. Expected total costs 


“If there is just one polluter, one could set a nonlinear eMuent charge equal to marginal 
damages, D’(v). This would lead to the optimum. But when there is more than one polluter, 
a nonlinear eflluent charge is inconsistent with either decentralization or cost minimization 
and possibly both. : 
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(cleanup and damages from pollution) are lower. Third, the system operates as 
if there were just one polluting firm confronted with a piecewise linear penalty 
function with one kink in it. This is demonstrated below. 

The economic rational for this scheme is the following. One wants to limit 
effluents; this is done by issuing marketable licenses. But if cleanup costs have 
been significantly overestimated, one wants a residual incentive to cleanup. 
This is provided by the subsidy, s. On the other hand, if cleanup costs turn out 
to be very high, one wants an escape valve from the restriction imposed by the 
licenses. This escape valve is provided by having a finile penalty, p, for exceeding 
levels of effluents permitted by licenses. It is assumed that p = s. 

Formally, the functioning of the system is represented as follows. Let q be the 
market price of the licenses. It is determined as part of the equilibrium in the 
market for licenses. The total costs for firm i consist of (1) cleanup costs, (2) 
license costs, and (3) penalties or subsidies when applicable. These costs are 


c'(x;, @)+ql;,-s(,—x) if x 


IA 


li, (1) 


i 
and 


ela, f)+ql,+p(x;—1) fy ok. (2) 


The firm minimizes these by selecting x; and /; appropriately. In addition, in an 
equilibrium, 


We turn now to the properties of the equilibrium. Suppose first that q < s. 
Then from (1) every firm could reduce costs indefinitely by buying licenses. 
This is clearly inconsistent with equilibrium in the license market. Thus g cannot 
be less than s. Now suppose that q > p. Then from (2), every firm would set 
I], = 0, and this is inconsistent with equilibrium in the license market. Therefore, 
q cannot exceed p. The subsidy s and the penalty p place bounds on the equili- 
brium value ofg:s Sq Sp. 

The next step is to show that c/.(x,, ) is always equal to —q. Suppose first that 
s = q. Then the firm will set /; 2 x; (in fact it is indifferent about the level); 
and then set ci(x; ¢) = —s = —q. Next suppose s < gq < p. Then from (1) 
and (2) firm /willset x; = /;. Thus its costs are 


c'(x;, b) +9x;- 
These are minimized when ci(x,, )+q = 0. Finally if ¢ = p, the firm will set 


/, < x;, and then minimize with respect to x; by setting cl(x;, >) +q = 0. Thus 
in all possible cases, ci(x;, P)+q¢ = 0. This fact has the immediate implication 
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that ci(x;, @) = ci(x,, ) for all i and j, so that cleanup is efficiently distributed 
among polluters.° In addition q is bounded by the effluent subsidy s and the 


penalty p. 
Since marginal cleanup costs are minimized, the condition 


c(x, P) +g = 0 (3) 


is always satisfied. 
The remaining question is what determines the levels of gand x? Ifs <q <p, 
then x; = /,foralli,and hence x = /. Condition (3) will be satisfied if 


s< —c.l, p) <p. (4) 


Inequality (4) will hold for some intermediate range of costs of cleanup. If 
cleanup costs are very high, then q will be driven up to the level of the penalty p. 
At that point, cfMlluents will exceed licenses: x > /. The equilibrium condition is 


c.x, P) +p = 0. (5) 


Finally if costs are low, so that c,(/, ¢)+s < 0, then x < /and q = s. The level 
of effluents actually achieved will be given by 


c,(x, d)+s = 0. (6) 


In summary: (1) if c.7, ¢)+s5 > 0, then c.(x, ¢)+5 = 0 and q =s; (2) if 
s< —e,(/, p) < p, then x =7 and q = —c,(/, p); and G) if cf, o)-+p = 0; 
then ¢.(x, Pp) +p = Oandg¢ = p. 

The interesting feature of the mixed cffluent—license is that it produces levels 
of the effluents, conditional on costs, that reproduce exactly the effluents that 
would occur if (1) the polluting firms were merged (and made cleanup decisions 
centrally) and (2) they faced a piecewise linear penalty function of the form, 


P(x) = sx--p Max (x—/, 0). 


If the firms collectively were to minimize the sum of penalties and cleanup 
costs, P(x)+c(x, ), they would act as follows: if s < —c,(I,@) < p, they 
would set x = /; if —e,(/,) <s, they would set c,(x, ¢)+s = 0; and if 
—c,(/, b) > p, they would set c,(x, d)+p = 0. But this is exactly what the 
decentralized system does. 

The pure efficient fee and pure license systems are special cases of the mixed 
system. The pure effluent fee is obtained by setting s = p, at which point the 


SNote that c.Cv, 4) = c'x(x), ¢), for all 7, when x is distributed among polluters in a cost 
minimizing manner, 
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level of / becomes irrelevant. The implicit penalty function is then linear. If 
s= 0 and p = +00, then we have a pure license system. It is not therefore 
surprising that the more flexible mixed system can achieve lower expected total 
costs. 

The mixed system implicitly approximates the expected damage function by a 
piecewise linear penalty (see fig. 1). The same point can be seen in the context 


Dig P 


Vig. I 


Fig. 2 


of the marginal damages (see fig. 2). The mixed effluent-license system approxi- 
mates the marginal damage function with a step function. 

It is worth noting that the implicit penalty function P(x), does not correspond 
exactly to the payments by firms for licenses, plus or minus penalties and 
subsidies. The actual payments depend upon the parameter @ that determines 
costs, and not just upon x, the final level of effluents. But if we plot ex post 
payments as a function of effluents, the result is asin fig. 3. 
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Payments to government 


Fig. 3 


4. The regulatory authority’s optimizing problem 


The decision variables for the regulators are s, p, and /. The objective is to 
minimize expected total costs, consisting of damages from pollution and cleanup 
costs. Vor given levels of s, p and /, there will be two critical levels of the cost 
determining parameter @. The first, ?, is the level of cost such that 


cl Ps = 0. (7) 


Here the marginal cleanup costs are just equal to the effluent subsidy when 
= /. The second value, dp, > ,, is defined by 


c, 6) +p = 0: (8) 
Here costs are almost high enough to cause the system to have effluents exceed 


licenses. 
Let [0,5] be the support of the distribution f(#). We define x,(#,.s) and 


x(q, p) by 


c.(x,(¢, 5), d)+s5 = 0, 


and 


c.(x2(), p), p>) +p = 0. 


Expected total costs are 
7(s, PD) = Sh" Doh, ) Feri, 9), PIM) dg 
+) (DU) + ch, Hh) dd 


+f) Doral, P)+e(x2(, p), PIf(d) do. 
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These expected total costs are minimized when the partial derivatives, 7,, 7, 
and 7), are zero, or when the following conditional expectations hold: 


Eg PS) =0, (9) 


Cx (41, $) 
EDD +e Pb: S$ S $2) = 0, (10) 
: D'(x.)—p 
acon sie bs) as (11) 


With perfect information about costs, the authority would set 


D'(x)+¢,(x, ¢) = 0, (12) 


() 
#3#----- 
ee 
nN 
+ 


Vig. 4 


for all @. Let the optimal schedule of effluents, defined by (12), be x*(d). Let 
&(d) be the effluent levels achieved with the optimal mixed system described 
above. The relationship between x*(d) and X(q)) is depicted in fig. 4. The 
schedule £(q) crosses x*() three times, once in each interval. 

The optimizing conditions, (9) through (11), are simply conditions for optimal 
pure effluent fees or licenses on each of the three intervals. For example, eq. (9) 
is the condition for s to be the optimal pure effluent fee assuming costs vary only 
on the interval [0, @,]. A pure effluent fee schedule crosses the optimal schedule 
once. Hence, the mixed schedule crosses x*(#) once in each of three intervals. 
Notice that pure effluent fees induce excessive cleanup when costs are low and 


too little cleanup when costs are high. This occurs because at low levels of 


pollution the effluent fee exceeds marginal damages, and conversely. The pure 
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license scheme has the opposite property. It is insensitive to variations in clean- 
up costs. 

The superiority of the mixed scheme is simply a result of its ability to better 
approximate the optimal relationship between pollution levels and damages. 
The exception occurs when the damage function is linear. In that case, go = 0 
dy = band p = s. The pure cflluent fee system is optimal. 


5. kxpected gains from using a mixed system 


It is not possible in a short paper to comment extensively on the quantitative 
benefits of the mixed scheme. However, one can isolate the circumstances under 
which itis likely to yield significant gains. There are two conditions which make 
the mixed schemed attractive. First, the marginal damages must vary consider- 
ably with total effluents. Otherwise the pure cMuent fee performs quite well. 
Second, there must be significant uncertainty about the cleanup costs. Otherwise, 
the pure license scheme performs well. It is perhaps worth noting that when 


Table | 
Expected Percentage above 
Control scheme total costs the optimum 
Optimum (also mixed system) 12.416 0 
Pure effluent fee 20.6 66 
Pure licenses 18.25 46 


marginal cleanup costs do not vary greatly with quantity, an eMluent fee system 
performs poorly even with small amounts of uncertainty. The reason is that 
actual levels of cleanup may vary wildly with small shifts in the cost function. 

The following numerical example illustrates the potential benefits of the 
mixed system. It assumes there is a threshold level of pollution, 1, below which 
marginal damages are one, and above which they are six. Costs are assumed to 
have the form (/2)(<—x)?, where @ takes on the values 0.12 and 2.0 with 
probabilities of one half. A mixed system yields the optimum for this kind of 
damage function. Table | summarizes the results for the various control schemes. 


6. Conclusions 


When the regulatory authority is uncertain about pollution control costs, 
the usefulness of monetary incentives to decentralize pollution control decisions 
is limited by our inability to pick the correct price. That price should be equal 
to marginal damages and thus depends upon the level of pollution. But it is not 
known exactly what pollution will be as a function of price because control costs 
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are known only imperfectly. With a nonlinear damage function, and uncertain 
irreversible costs, we would like to find some way of confronting each firm with 
incentives to cleanup that in fact depend upon marginal damages, and hence on 
total waste output. The combination of the license scheme with subsidies and 
penalties permits one simultaneously to ensure that all firms face the same mar- 
ginal costs, but to have that cost vary (within limits) depending on what the 
aggregate costs of cleanup actually turn out to be. The level of pollution also 
varies with the aggregate cleanup costs. 

The authority has three parameters to manipulate: the subsidy, the penalty 
and the stock of licenses. The authority knows that pollution will equal the stock 
of licenses provided the market price turns out to be between the subsidy and 
the penalty. The subsidy provides a residual incentive for firms to clean up 
even more when costs are low. The finite penalty provides an escape valve in case 
costs are very high. The aggregate damage function is approximated by a piece- 
wise linear penalty function. But once the equilibrium in license prices is estab- 
lished, each firm effectively faces a linear penalty function whose slope is the 
price of the license. As a result, marginal cleanup costs are equalized and total 
cleanup costs are minimized. 

How useful is this formulation in the real world? First, we do not believe 
that limiting our attention to regions of increasing marginal damages is a major 
practical limitation. There are real cases in which marginal damages may de- 
cline — adding more waste to a river which is already an open sewer may have 
few environmental costs. But in general, even damage functions which exhibit 
such regions also often appear to be characterized by other regions in which 
marginal costs are increasing. For example, as the organic material in a river 
increases, and dissolved oxygen levels decline, we appear to move successively 
through several thresholds as we lose additional species and human uses. And, 
intuition suggests that output controls are more likely to be favorable in a 
region of increasing, rather than decreasing, marginal damages. 

In practice, the scheme amounts to setting an ambient target (similar to the 
ambient standards widely used today) and working back to the magnitude of 
the discharges allowed by that constraint. Then the regulatory authority has to 
develop some notion about marginal damages in the regions above and below 
that point in order to set the subsidy and the penalty fee. Even if the regulatory 
authority does not quantify its uncertainty and compute an optimal schedule, 
the rough and ready approach should lead to a reasonable set of policies. After- 
all, in a second-best world with imperfectly maximizing waste sources, the 
formal optimality of a policy scheme is not necessarily proof of what its actual 
impact will be. 

Like any decentralized approach to pollution control, our scheme has certain 
serious limitations. It will not provide for clforts to act directly on the environ- 
ment as Opposed to on a waste source. Nor does it ensure that all economics 
of scale in treatment will be exhausted unless waste sources agree Lo appropriate 
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joint ventures among themselves. We have also not discussed what should be 
done in the face of natural variations in climate which make it uncertain what 
damages will in fact result from any waste discharge.® All this suggests that a 
good deal of detailed work would be required to develop a viable set of policies 
and institutions for any-specific circumstances. For example, could we vary 
policy seasonally or with actual natural conditions ? 

In theory, we would want a separate system of licenses to control each 
polluting substance we are concerned with at each geographic point of interest. 
Since administrative costs will rise with the complexity of the entire scheme, at 
some point we will need to make a (perhaps crude) compromise between the 
costs and benefits of additional elaboration and fine-tuning of the system. Note 
too that we have to construct our markets such that each has enough participants 
to ensure relatively competitive functioning. Nevertheless, even viewed as a 
practical measure designed to move us into a better, if not the best, position, 
we believe the mixed scheme we have proposed has significant merit. Perhaps 
the next important step is to consider how to set the penalty function in the 
presence of risk-aversion relative to damages. 


Appendix: A generalized decentralization proposition 


In the body of the paper, it was argued that expected total costs could be 
reduced by the use of both licenses and effluent fees, while maintaining the 
property of efficiently distributing cleanup among polluters. It was pointed out 
that the system operated as if the firms made a centralized decision against a 
penalty function with two facets and one kink. We want to argue now that if 
one is prepared to introduce more than one kind of license, the penalty function 


can be made to approximate any convex damage function arbitrarily closely. 


More precisely, by the use of multiple licenses, the system can be made to 
efficiently distribute costs and implicitly respond to a penalty function with as 
many kinks as there are types of licenses. 

Let I’ be the number of licenses of type 7. Assume that 1° < 1!) < 2? <...< 
Mand that 1° = 0. Let so, 1, .- +5 5,41, be an increasing sequence of numbers 
with sg = 0. Define a penalty function P(x), in the following way: 


LUX . (5; 41 —5;) Max (x—V, 0). (A.1) 


The function P(x) is depicted in fig. 5. It is piecewise linear with kinks at ee 
I". The slopes of the facets are s,, .. ., 5,445 respectively. 

The question then, is whether a system of licenses and efMluent subsidies and 
penaltics can induce the firms to act collectively as if the penalty function P(x) 


= 


°For a discussion of some of those issues, see Roberts (1975). 
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Figd 


had been imposed. Let qj(j = 1,...,) be the market price of the jth type of 
license. Let x; be the /th firm’s effluents, let // be the holdings of the jth type of 
license by the ith firm, and let ¢,x,) be the cleanup cost function for the ith 
firm. Having identified the ith firm’s variables, we shall suppress the subscript i 
in what follows. It should be remembered that the following formulae apply to 
single firms, 

The required technique is to confront each firm with the following total cost 
function: 


e(x) + Ze (q;—s)lj+ 53 (s;4,—5;) Max GHP, Oy. (A.2) 
i= j=0 


The last term looks very much like the earlicr penalty function. The first term 
represents cleanup costs. The second term is special. The cost function can be 
interpreted as follows. The firm pays for cleanup. It also pays for the licenses it 
purchases, but it receives a rebate of s; per license of type / that it holds. Then, 
having selected the licenses, the firm pays a penalty given by the piecewise linear 
function, 


P(x) = ¥) (8;41—5;) Max (x—I, 0). 
0 


The locations of the kinks in this function are determined by the firm, through 
its license purchases. It is the second term in (A.2) that is crucial, for as we shall 
see, it has the effect of placing bounds on the license prices, q;. 

It remains to show that firms, in maximizing (A.2), efficiently distribute costs 
and act as if they were one firm facing the penalty function (A.1). 

The first step to show that 


SG S454 (A.3) 
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for all j. Suppose first that q; -< s;- Then expand /’ so that li > x. It follows 
that the term in (A.2) involving Vis 


(q;—8;)lj. 
By allowing // to increase without limit, costs are reduced indefinitely. But that 
is inconsistent with equilibrium. Now suppose qj > 5;41- Reduce lL’ so that 


} < xand the term involving // becomes 


(4;-5;) All —(s;44—-5) 7 = (qj;- Sjay dl’. 


Hence costs are minimized when ’ = 0. If all firms do this, there cannot be an 
equilibrium in the market for j-type licenses. Therefore 
Spd; S S15 
lor allaegt: 
The next step is to show that if g; < s;4,, then qj41 = Sj41- Suppose that 
qj < Sj.4. We show that li < x. Suppose to the contrary that V > x. Then the 
part of costs involving // is, from (A.2), 


Gasp 


Hence // should be contracted. Therefore if g; < 5;41, then ¥ = x, and /** > 
P > x, so that x is less than Y*". But if U*! > x, then g;,, must equal 5,44 
For ifqj4. > S;41, then the part of costs involving penis 


Gjri Spal, 


and *! would be reduced. Hence if /*" > x, then g;4,; = 5,41. This proves the 
assertion that ifq; < 5;4,,theng;4; = 5;44. 

These arguments tcll us a considerable amount about the equilibrium. Only 
one license price g’ can be in the interior of [s;, 5;4,]. The remainder are on the 
boundaries — upper or lower depending upon whether the corresponding license 
has a lower or higher index than /, respectively. 

We now take a typical interval [s;,5;4,] and assume gq; is the interior of 
[s;, 5;4,]. From the preceding argument, we know that / = x, that q, = s,44 
fork <j, and that q, = s, fork > j. Thus the costs for the firm are, from (A.2), 


pat 


c(x) + py (Sp+1—5,)l" a ae Ge +1— Syl" 


de 
+ i (5.41 — 5, )(X—1') + (9;- Sj)x gi (Sj Gees 5;)(0) 


= C(x) -+9q;x 
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Similarly, if q; = Sj, OF 9; = Sj, and if q, = s,4; for k </ and q, = s, for 
k > j, then (A.2) implies that the firm’s costs (with licenses optimized out) are 


C(x) +q;x. 
In an equilibrium, the costs for every firm will be 
e(x) +q;x, 


for some j and some equilibrium value q;. Thus when firms minimize, with re- 
spect to x, they set 


e'(x)+q; = 0. (A.A) 


In particular, marginal cleanup costs, c’(x), are the same for every firm. There- 
fore cleanup costs are efficiently distributed in an equilibrium. Let C(x) be the 
aggregate cost function, where x is now the sum of the eflluents from all firms. 
In an equilibrium, (A.4) implies that 


C'(x)+q; = 0. 


Moreover, if s; <q; < 5;4,, then x = V/, where I is the fixed total number of 
ype licenses. lig, — =, then Fo * <x land if gq; =5,4,, then ? <x s 
V*!, The equilibrium level of x is therefore determined by the level of costs. If 


fe OO) 5 a1, (A.5) 


then x =// in an equilibrium. If —C’(l/) <8; and —C("') > 8,, then 
C’(x) = 5, in the equilibrium.’ 


The system therefore simply acts so as to minimize 


J? 


C(x) + Y (5j41—5;) Max (x—?, 0). 
j=1 


This is what we set oul to show. 

The implication of the preceding argument is that any convex damage function 
can be approximated to any desired degree of accuracy through the introduction 
of markets for different kinds of licenses. The private sector can be confronted 
with a nonlinear damage function without sacrificing efficiency in the distri- 
bution of cleanup. 


TNote that (A.5) can only hold for one type of license because as / increases, and — G2) 
falls, s;41 rises. 


B 


D7, 
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As a practical matter, in the pollution context, the cost of the additional 
license markets may not be justified by the reduction in expected total cost. 
But it is perhaps a matter of some intellectual interest, both here and in other 
decentralization problems, that a carefully designed set of markets for options 
to buy or sell commodities at various prices can solve the problem of reconciling 
the competing demands of efficiency and decentralization. This subject is pro- 
bably worthy of further investigation. . 
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FOR PROTECTION OF THE 
ENVIRONMENT 


William J. Baumol and Wallace E. Oates* 


Princeton University, Princeton, N.J., USA 


Summary 


In the Pigouvian tradition, economists have frequently proposed the adoption 
of a system of unit taxes (or subsidies) to control externalities, where the tax on a 
particular activity is equal to the marginal social damage it generates. In practice, 
however, such an approach has rarely proved feasible because of our inability to 
measure marginal social damage. 

This paper proposes that we establish a set of admittedly somewhat arbitrary 
standards of environmental quality (e.g.,-the dissolved oxygen content of a water- 
way will be above «x per cent at loast 99 per cent of the time) and then impose a 
set of charges on waste emissions sufficient to attain these standards. While such 
resource-use prices clearly will not in general produce a Pareto-efficient allocation 
of resources, it is shown that they nevertheless do possess some important opti- 
mality properties and other practical advantages. In particular, it is proved that, 
for any given vector of final outputs such prices can achieve a specified reduction 
in pollution levels at minimum cost to the economy, even in the presence of firms 
with objectives other than that of simple profit maximization. 


In the technicalities of the theoretical discussion of the tax-subsidy 
approach to the regulation of externalities, one of the issues most critical for 
its application tends to get the short end of the discussion. Virtually every 
author points out that we do not know how to calculate the ideal Pigouvian 
tax or subsidy levels in practice, but because the point is rather obvious rarely 
is much made of it. 

This paper reviews the nature of the difficulties and then proposes a sub- 
stitute approach to the externalities problem. This alternative, which we 
shall call the environmental pricing and standards procedure, represents what 
we consider to be as close an approximation as one can generally achieve in 
practice to the spirit of the Pigouvian tradition. Moreover, while this method 
does not aspire to anything like an optimal allocation of resources, it will be 
shown to possess some important optimality properties. 


* The authors are mombors of the faculty at Princeton University. They are grateful to 
the Ford Foundation whose support grontly facilitated the completion of this paper. 
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1. Difficulties in Determining the Optimal Structure of Taxes and 
Subsidies 


The proper level of the Pigouvian tax (subsidy) upon the activities of the gene- 
rator of an externality is equal to the marginal net damage (benefit) produced 
by that activity. The difficulty is that it is usually not easy to obtain a 
reasonable estimate of the money value of this marginal damage. Kneese & 
Bower report some extremely promising work constituting a first step toward 
the estimation of the damage caused by pollution of waterways including even 
some quantitative evaluation of the loss in recreational benefits. However, 
it is hard to be sanguine about the availability in the foreseeable future of a 
comprehensive body of statistics reporting the marginal net damage of the 
various externality-generating activities in the economy. The number of 
activities involved and the number of persons affected by them are so great 
that on this score alone the task assumes Herculean proportions. Add to this 
the intangible nature of many of the most important consequences—the 
damage to health, the aesthetic costs—and the difficulty of determining a 
money equivalent for marginal net damage becomes even more apparent. 

This, however, is not the end of the story. The optimal tax level on an ex- 
ternality generating activity is not equal to the marginal net damage it gener- 
ates initially, but rather to the damage it would cause if the level of the 
activity had been adjusted to its optimal level. To make the point more 
specifically, suppose that each additional unit of output of a factory now causes 
50 cents worth of damage, but that after the installation of the appropriate 
smoke-control devices and other optimal adjustments, the marginal social 
damage would be reduced to 20 cents. Then a little thought will confirm 
what the appropriate mathematics show: the correct value of the Pigouvian 
tax is 20 cents per unit of output, that is, the marginal cost of the smoke 
damage corresponding to an optimal situation. A tax of 50 cents per unit of 
output corresponding to the current smoke damage cost would lead to an 
excessive reduction in the smoke-producing activity, a reduction beyond the 
range over which the marginal benefit of decreasing smoke emission exceeds 
its marginal cost. 

The relevance of this point for our present discussion is that it compounds 
enormously the difficulty of determining the optimal tax and benefit levels. 
If there is little hope of estimating the damage that is currently generated, 
how much less likely it is that we can evaluate the damage that would occur 
in an optimal world which we have never experienced or even described in 
quantitative terms. 

There is an alternative possibility. Instead of trying to go directly to the 
optimal tax policy, one could instead, as a first approximation, base a set of 


* We will use the term.marginal net damage to mean the difference between marginal 
social and private damage (or cost). 
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taxes and subsidies on the current net damage (benefit) levels. Then as outputs 
and damage levels were modified in response to the present level of taxes, the 
taxes themselves would in turn be readjusted to correspond to the new 
damage levels. It can be hoped that this will constitute a convergent, iterative 
process with tax levels affecting outputs and damages, these in turn leading 
to modifications in taxes, and so on. It is not clear, however, even in theory, 
whether this sequence will in fact converge toward the optimal taxes and 
resource allocation patterns. An extension of the argument underlying some of 
Coase’s illustrations can be used to show that convergence cannot always be 
expected. But even if the iterative process were stable and were in principle 
capable of yielding an optimal result, its practicality is clearly limited. The 
notion that tax and subsidy rates can be readjusted quickly and easily on the 
basis of a fairly esoteric marginal net damage calculation does not seem very 
plausible. The difficulty of these calculations has already been suggested, and 
it is not easy to look forward with equanimity to their periodic revision, 
as an iterative process would require. 

In sum, the basic trouble with the Pigouvian cure for the externalities 
problem does not lie primarily in the technicalities that have been raised 
against it in the theoretical literature but in the fact that we do not know how 
to determine the dosages that it calls for. Though there may be some special] 
cases in which one will be able to form reasonable estimates of the social 
damages, in general we simply do not know how to set the required levels of 
taxes and subsidies. 


2. The Environmental Pricing and Standards Approach 


The economist’s predilection for the use of the price mechanism makes him 
reluctant to give up the Pigouvian solution without a struggle. The inefficiencies 
of a system of direct controls, including the high real enforcement costs that 
generally accompany it, have been discussed often enough; they require no 
repetition here. 

There is a fairly obvious way, however, in which one can avoid recourse to 
direct controls and retain the use of the price system as a means to control 
externalities. Simply speaking, it involves the selection of a set of somewhat 
arbitrary standards for an acceptable environment. On the basis of evidence 
concerning the effects of unclean air on health or of polluted water on fish 
life, one may, for example, decide that the sulfur-dioxide content of the 
atmosphere in the city should not exceed a percent, or that the oxygen 
demand of the foreign matter contained in a waterway should not exceed level 
y, or that the decibel (noise) level in residential neighborhoods should not 
exceed z at least 99% of the time. These acceptability standards, x, y and z, 
then amount to a set of constraints that socicty places on its activities. They 
represent the decision-maker’s subjective evaluation of the minimum 
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standards that must be met in order to achieve what may be described in 
persuasive terms as “‘a reasonable quality of life’. ‘‘he defects of the eoncept 
will immediately be clear to the reader, and, since we do not want to minimize 
them, we shall examine this problem explicitly in a later section of the paper. 

For the moment, however, we want to emphasize the role of the price 
system in the implementation of these standards. The point here is simply 
that the public authority can levy a uniform set of taxes which would in 
effect constitute a set of prices for the private use of social resources such as 
air and water. The taxes (or prices) would be selected so as to achieve specific 
acceptability standards rather than attempting to base them on the unknown 
value of marginal net damages. Thus, one might tax all installations emitting 
wastes into a river at a rate of ¢(b) cents per gallon, where the tax rate, ¢, 
paid by a particular polluter, would, for example, depend on 6, the BOD 
value of the effluent, according to some fixed schedule.! Each polluter would 
then be given a financial incentive to reduce the amount of effluent he 
discharges and to improve the quality of the discharge (i.e., reduce its BOD 
value). By setting the tax rates sufficiently high, the community would 
presumably be able to achieve whatever level of purification of the river it 
desired. It might even be able to eliminate at least some types of industrial 
pollution altogether.” 

Here, if necessary, the information needed for iterative adjustments in tax 
rates would be easy to obtain: if the initial taxes did not reduce the pollution 
of the river sufficiently to satisfy the preset acceptability standards, one would 
simply raise the tax rates. Experience would soon permit the authorities to 
estimate the tax levels appropriate for the achievement of a target reduction 
in pollution. 

One might even be able to extend such adjustments beyond the setting of 
the tax rates to the determination of the acceptability standards themselves. 
If, for example, attainment of the initial targets were to prove unexpectedly 
inexpensive, the community might well wish to consider making the standards 
stricter.’ Of course, such an iterative process is not costless. It means that at 
least some of the polluting firms and municipalities will have to adapt their 


1 BOD, biochemical oxygen demand, is a measure of the organic waste load of an emis- 
sion. It measures the amount of oxygen used during decomposition of the waste materials. 
BOD is used widely as an index of the quality of effluents. However, it is only an ap- 
proximation at best. Discharges whose BOD value is low may nevertheless be considered 
serious pollutants because they contain inorganic chemical poisons whose oxygen require- 
ment is nil because the poisons do not decompose. See Kneese and Bower on this matter. 
* Here it is appropriate to recall the words of Chief Justice Marshall, when he wrote that 
“The power to tax involves the power to destroy” (McCulloch vs. Maryland, 1819). In terms 
of reversing the process of environmental decay, we can see, however, that the power 
to tax can also be the power to restore. 

» In this way the pricing and standards approach might be adapted to approximate the 
Pigouvian ideal. If the standards were revised upward whenever there was reason to believe 
that the marginal benefits exceeded the marginal costs, and if these judgments were 
reasonably accurate, the two would arrive at the same end product, at least if the optimal 
solution were unique. 
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operations as tax rates are readjusted. At the very least they should be warned 
in advance of the likelihood of such changes so that they can build flexibility 
into their plant design, something which is not costless (See Hart). But, at 
any rate, it is clear that, through the adjustment of tax rates, the public 
authority can realize whatever standards of environmental quality it has 
selected. 


3. Optimality Properties of the Pricing and Standards Technique 


While the pricing and standards procedure will not, in general, lead to Pareto- 
efficient levels of the relevant activities, it is nevertheless true that the use 
of unit taxes (or subsidics) to achieve the specified quality standards docs 
possess one important optimality property: it is the least-cost method to 
realize these targets.! A simple example may serve to clarify this point. Suppose 
that it is decided in some metropolitan area that the sulfur-dioxide content of 
the atmosphere should be reduced by 50%. An obvious approach to this mat- 
ter, and the one that often recommends itself to the regulator, is to require 
each smoke-producer in the area to reduce his emissions of sulfur dioxide by 
the same 50 %. However, a moment’s thought suggests that this may constitute 
a very expensive way to achieve the desired result. If, at existing levels of 
output, the marginal cost of reducing sulfur-dioxide emissions for Factory A 
is only one-tenth of the marginal cost for Factory B, we would expect that 
it would be much cheaper for the economy as a whole to assign A a much 
greater decrease in smoke emissions than B. Just how the least-cost set of 
relative quotas could be arrived at in practice by the regulator is not clear, 
since this obviously would require calculations involving simultaneous rela- 
tionships and extensive information on each polluter’s marginal-cost function. 

It is easy to sce, however, that the unit-tax approach can aulomatically 
produce the least-cost assignment of smoke-reduction quotas without the need 
for any complicated calculations by the enforcement authority. In terms of 
our preceding example, suppose that the public authority placed a unit tax 
on smoke emissions and raised the level of the tax until sulfur-dioxide emissions 
were in fact reduced by 50%. In response to a tax on its smoke emissions, a 
cost-minimizing firm will cut back on such emissions until the marginal cost 
of further reductions in smoke output is equal to the tax. But, since all economic 
units in the area are subject to the same tax, it follows that the marginal cost 
of reducing smoke output will be equalized across all activities. This implies 
that it is impossible to reduce the aggregate cost of the specified 
decreaso in smoke emissions by re-arranging smoke-reduction quotas: any 
alteration in this pattern of smoke emissions would involve an increase in 


1 This proposition is not new. While we have been unable to find an explicit statement of 
this result anywhere in the literature, it or a very similar proposition has been suggested 
in a number of places. See, for example, Kneese & Bower, Chapter 6, and Ruff, p. 79. 
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smoke output by one firm the value of which to the firm would be less than 
the cost of the corresponding reduction in smoke emissions by some other firm. 
For the interested reader, a formal proof of this least-cost property of unit 
taxes for the realization of a specified target level of environmental quality 
is provided in an appendix to this paper. We might point out that the 
validity of this least-cost theorem does not require the assumption that firms 
are profit-maximizers. All that is necessary is that they minimize costs for 
whatever output levels they should select, as would be done, for example, 
by a firm that seeks to maximize its growth or its sales. 

The cost saving that can be achieved through the use of taxes and subsidies 
in the attainment of acceptability standards may by no means be negligible. 
In one case for which comparable cost figures have been calculated, Kneese & 
Bower (p. 162) report that, with a system of uniform unit taxes, the cost of 
achieving a specified level of water quality would have been only about half 
as high as that resulting from a system of direct controls. If these figures are 
at all representative, then the potential waste of resources in the choice 
between tax measures and direct controls may obviously be of a large order. 
Unit taxes thus appear to represent a very attractive method for the realiza- 
tion of specified standards of environmental quality. Not only do they require 
relatively little in the way of detailed information on the cost structures of 
different industries, but they lead automatically to the least-cost pattern of 
modification of externality-generating activities. 


4. Where the Pricing and Standards Approach is Appropriate 
As we have emphasized, the most disturbing aspect of the pricing and standards 
procedure is the somewhat arbitrary character of the criteria selected. There 
does presumably exist some optimal level of pollution (i.e., quality of the air 
or a waterway), but in the absence of a pricing mechanism to indicate the value 
of the damages generated by polluting activities, one knows no way to deter- 
mine accurately the set of taxes necessary to induce the optimal activity levels. 
While this difficulty certainly should not be minimized, it is important at 
the outset to recognize that the problem is by no means unique to the 
selection of acceptability standards. In fact, as is well known, it is a difficulty 
common to the provision of nearly all public goods. In general, the market will — 
not generate appropriate levels of outputs where market prices fail to reflect 
the social damages (or benefits) associated with particular activitics. As a 
result, in the absence of the proper set of signals from the market, it is typi- 
cally necessary to utilize a political process (i.e., a method of collective 
choice) to determine the level of the activity.! From this perspective, the selec- 


* As Coase and others have argued, voluntary bargains struck among the interested parties 
may in some instances yiold an efficient set of activity levels in the prosonce of externali- 
ties. However, such coordinated, voluntary action is typically possible only in small 
groups. One can hardly imagine, for example, a voluntary bargaining process involving 
all the persons in a metropolitan area and resulting in a set of payments that would 
generate efficient levels of activities affecting the smog content of the atmosphere. 
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tion of environmental standards can be viewed as a particular device utilized 
in a process of collective decision-making to determine the appropriate level 
of an activity involving external effects. 

Since methods of collective choice, such as simple-majority rule or decisions 
by an elected representative, can at best be expected to provide only very 
rough approximations to optimal results, the general problem becomes one 
of deciding whether or not the malfunction of the market in a certain caso is 
sufficiently scrious to warrant public intervention. In particular, it would seem 
to us that such a blunt instrument as acceptability standards should be used 
only sparingly, because the very ignorance that serves as the rationale for the 
adoption of such standards implies that we can hardly be sure of their conse- 
quences. 

In general, it would seem that intervention in the form of acceptability 
standards can be utilized with any degree of confidence only where there is 
clear reason to believe that the existing situation imposes a high level of social 
costs and that these costs can be significantly reduced by feasible decreases 
in the levels of certain externality-generating activities. If, for example, we 
were to examine the functional relationship between the level of social welfare 
and the levels of particular activities which impose marginal net damages, 
the argument would be that the use of acceptability standards is justified only 
in those cases where the curve, over the bulk of the relevant range, is both 
decreasing and steep. Such a case is illustrated in Fig. 1 by the curve PQR. 
In a case of this kind, although we obviously will not have an accurate knowledge 
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of the relevant position of the curve, we can at least have some assurance that 
the selection of an acceptability standard and the imposition of a unit tax 
sufficient to realize that standard will lead to an increase in social welfare. 
For example, in terms of the curve PQR in Fig. 1, the levying of a tax sufficient 
to reduce smoke outputs from level OC to OA to ensure that the quality of 
the air meets the specified environmental standards would obviously increase 
social welfare. 

On the other hand, if the relationship between social welfare and the level 
of the externality-generating activity is not monotonically decreasing, the 
changes resulting from the imposition of an acceptability standard (e.g., a move 
from S to Q in Fig. 1) clearly may lead to a reduction in welfare. Moreover, 
even if the function were monotonic but fairly flat, the benefits achieved might 
not be worth the cost of additional intervention machinery that new legislation 
requires, and it would almost certainly not be worth the risk of acting with 
highly imperfect, inconclusive information. 

In some cases, notably in the field of public utility regulation, some economists 
have criticized the employment of acceptability standards on both these 
grounds; they have asserted that the social costs of monopolistic misallocation 
of resources are probably not very high (i.e., the relevant portion of the social- 
welfare curve in Fig. 1 is not steep) and that the regulation can itself introduce 
inefficiencies in the operations of the regulated industries. 

Advocacy of environmental pricing and standards procedures for the control 
of externalitics must therefore rest on the belief that in this arca we do have a 
clear notion of the general shape of the social welfare curve. ‘This will presum- 
ably hold true where the evidence indicates, first that a particular externality 
really does have a substantial and unambiguous effect on the quality of life, 
if, for example, it makes existence very unpleasant for everyone or constitutes 
a serious hazard to health; and second that reductions in the levels of these 
activities do not themselves entail huge resource costs. On the first point, there 


1 The relationship depicted in Fig. 1 is to be regarded as an intuitive-device employed 
for pedagogical purposes, not in any sense as a rigorous analysis. However, some further 
explanation may be helpful. The curve itself is not a social-welfare function in the usual 
sense; rather it measures in terms of a numeraire (kronor or dollars) the value, summed 
over all individuals, of the benefits from the output of the activity minus the private and 
net social costs. Thus, for each level of the activity, the height of the curve indicates the 
net benefits (possibly negative) that the activity confers on society. The acceptability 
constraint indicates that level of the activity which is consistent with the specified 
minimum standard of environmental quality (e.g., that level of smoke emissions from 
factories which is sufficiently low to maintain the quality of the air in a particular metro- 
politan area). There is an ambiguity here in that the levels of several different activities 
may jointly determine a particular dimension of environmental quality, 6.g., the smoke 
emissions of a number of different industries will determine the quality of the air. In this 
case, the acceptable level of pollutive emissions for the firm or industry will clearly 
dopend on the levels of emissions of others. If, as we discussed earlier, unit taxos aro 
used to realize the acceptability standards, there will result a least-cost pattern of levels 
of the relevant externality-generating activities. If we understand the constraint in Fig. 1 


to refer to the activity level indicated by this particular solution, then this ambiguity 
disappears, 
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is growing evidence that various types of pollutants do in fact have such un- 
fortunate consequences, particularly in areas where they are highly concen- 
trated. [On this see, for instance, Lave & Seskin]. Second, what experience 
we have had with, for example, the reduction of waste discharges into water- 
ways suggests that processes involving the recycling and reuse of waste mate- 
rials can frequently be achieved at surprisingly modest cost.! In such cases 
the rationale for the imposition of environmental standards is clear, and it 
seems to us that the rejection of such crude measures on the grounds that they 
will probably violate the requirements of optimality may well be considered 
a kind of perverse perfectionism. 

It is interesting in this connection that the pricing and standards approach 
is not too different in spirit from a number of economic policy measures that 
are already in opcration in other areas. This is significant for our discussion, 
because it suggests that regulators know how to work with this sort of approach 
and have managed to live with it elsewhere. Probably the most noteworthy 
example is the use of fiscal and monetary policy for the realization of macro- 
economic objectives. Hore, the regulation of the stock of moncy and the 
availability of credit along with adjustments in public expenditures and tax 
rates are often aimed at the achievement of a selected target level of employ- 
ment or rate of inflation. Wherever prices rise too rapidly or unemployment 
exceeds an “‘acceptable” level, monetary and fiscal variables are readjusted in 
an attempt to “correct” the difficulty. It is noteworthy that this procedure is 
also similar to the pricing and standards approach in its avoidance of direct 
controls. 

Other examples of this general approach to policy are not hard to find. 
Policies for the regulation of public-utilities, for instance, typically utilize a 
variety of standards such as profit-rate ceilings (i.e., “fair rates of return”’) 
to judge the acceptability of the behavior of the regulated firm. In the area 
of public education, one frequently encounters state-imposed standards (e.g., 
subjects to be taught) for local school districts which are often accompanied 
by grants of funds to the localities to help insure that public-school programs 
meet the designated standards. What this suggests is that public administrators 
are familiar with this general approach to policy and that the implementation 
of the pricing and standards technique should not involve insurmountable 
administrative difficulties. For these reasons, the achievement of specified 
environmental standards through the use of unit taxes (or subsidies) seems to 
us to possess great promise as a workable method for the control of the quality 


of the environment. 


1 Some interesting discussions of the feasibility of the control of waste emissions into 
waterways often at low cost are contained in Knoese & Bower. In particular, see their 
description of the control of water quality in the Ruhr River in Germany. 
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5. Concluding Remarks 


It may be useful in concluding our discussion simply to review the ways in 
which the pricing and standards approach differs from the standard Pigouvian- 
prescription for the control of externalities. 

(1) Under the Pigouvian technique, unit taxes (or subsidies) are placed on 
externality-generating activities, with the level of the tax on a particular 
activity being set equal to the marginal net damage it generates. Such taxes 
(if they could be determined) would, it is presumed, lead to Pareto-efficient 
levels of the activities. 

(2) In contrast, the pricing and standards approach begins with a predeter- 
mined set of standards for environmental quality and then imposes unit taxes 
(or subsidies) sufficient to achieve these standards. This will not, in general, 
result in an optimal allocation of resources, but (as is proved formally in the 
appendix) the procedure does at least represent the least-cost method of 
realizing the specified standards. 

(3) The basic appeal of the pricing and standards approach relative to the 
Pigouvian prescription lies in its workability. We simply do not, in general, 
have the information needed to determine the appropriate set of Pigouvian 
taxes and subsidies. Such information is not, however, necessary for our 
suggested procedure. 

(4) While it makes no pretense of promising anything like an optimal 
allocation of resources, the pricing and standards technique can, in cases 
where external effects impose high costs (or benefits), at least offer some 
assurance of reducing the level of these damages. Moreover, the administrative 
procedures—the selection of standards and the use of fiscal incentives to 
realize these standards—implied by this approach are in many ways quite 
similar to those used in a number of current public programs. This, we think, 
offers some grounds for optimism as to the practicality of the pricing and 
standards technique for the control of the quality of the environment. 
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APPENDIX 


In the text, we argued on a somewhat intuitive level that the appropriate use 
of unit taxes and subsidies represents the least-cost method of achieving a set of 
specified standards for environmental quality. In the case of smoke-abatcement, 
for inatance, tho tax-subsidy approach will automatically gonorato the cost- 
minimizing assignment of “reduction quotas” without recourse to involved 
calculations or enforcement, 

The purpose of this appendix is to provide a formal proof of this proposition. 
More precisely, we will show that, to achieve any given vector of final outputs 
along with the attainment of the specified quality of the environment, the use 
of unit taxes (or, where appropriate, subsidies) to induce the necessary mod- 
ification in the market-determined pattern of output will permit the realization 
of the specified output vector at minimum cost to society. 

While this theorem may seem rather obvious (as the intuitive discussion 
in the text suggests), its proof does point up several interesting properties which 
are noteworthy. In particular, unlike many of the propositions about prices 
in welfare analysis, the theorem does not require a world of perfect competi- 
tion. It applies to pure competitors, monopolists, or oligopolists alike so long 
as each of the firms involved seeks to minimize the private cost of producing 
whatever vector of outputs it selects and has no monopsony power (i.e., no 
influence on the prices of inputs). The firms need not be simple profit-maxi- 
mizers; they may choose to maximize growth, sales (total revenues), their share 
of the market, or any combination of these goals (or a variety of other objec- 
tives). Since the effective pursuit of these goals typically entails minimizing 
the cost of whatever outputs are produced, the theorem is still applicable. 
Finally, we want simply to emphasize that the theorem applies to whatever 
set of final outputs society should select (either by direction or through the 
operation of the market). It does not judge the desirability of that particular 
vector of outputs; it only tells us how to make the necessary adjustments at 
minimum cost. 

We shall proceed initially to derive the first-order conditions for the mini- 
mization of the cost of a specified overall reduction in the emission of wastes. 
We will then show that the independent decisions of cost-minimizing firms 
subject to the appropriate unit tax on waste emissions will, in fact, satisfy the 
first-order conditions for overall cost minimization. 

Let 


z,, Yepresent the quantity of input 7 used by plant v (i=1, ..., ), (v=, ..., m), 
z, be the quantities of waste it discharges, 

y, be its output level, 

fulZ1y +++) Cav» Zn» Yo) =O be its production function, 


p,; be the price of input 7, and 
k the desired level of >'z,, the maximum permitted daily discharge of waste. 
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In this formulation, the value of & is determined by the administrative 
authority in a manner designed to hold waste emissions in the aggregate to a 
level consistent with the specified environmental standard (e.g., the sulphuric 
content of the atmosphere). Note that the level of the firm’s waste emissions 
is treated here as an argument in its production function; to reduce waste 
discharges while maintaining its level of output, the firm will presumably 
require the use of additional units of some other inputs (e.g., more labor 
or capital to recycle the wastes or to dispose of them in an alternative manner). 

The problem now becomes that of determining the value of the «’s and 


z’s that minimize input cost 
Oe Pe DP; (jy) 
tov 
subject to the output constraints 
Y, = Yy> = constant (v=1, ..., m) 
and the constraint on the total output of pollutants 
Dey &. 
v 


It may appear odd to include as a constraint a vector of given outputs of the 
firms, since the firms will presumably adjust output levels as well as the 
pattern of inputs in response to tdxes or other restrictions on waste discharges. 
This vector, however, can be any vector of outputs (including that which 
emerges as a result of independent decisions by the firms). What we determine 
are first-order conditions for cost-minimization which apply to any given 
vector of outputs no matter how they are arrived at. Using A,(v=1, ..., m) 
and A as our (m+1) Lagrange multipliers, we obtain the first-order conditions: 


AyfiztdA = 0 (v = 1,...,m) 
ptA,fy = 0 (v = 1,...,m) (t = 1,..., 2) (1) 
Y= Y> (v = 1,...,m) 


where we use the notation f,,=0f,/0z,, f,,=0f,/0x4,. 

Now let us see what will happen if the m plants are run by inde- 
pendent managements whose objective is to minimize the cost of whatever 
outputs their firm produces, and if, instead of the imposition of a fixed 
ceiling on the emission of pollutants, this emission is taxed at a fixed rate per 
unit, ¢. So long as its input prices are fixed, firm v will wish to minimize 


i bey + 2 Pity 


subject to 


rr. 
Yo = Yo- 
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Direct differentiation of the m Lagrangian functions for our m firms immedi- 
ately yields the first-order conditions (1)—the same conditions as before, 
provided ¢ is set equal to A. Thus, if we impose a tax rate that achieves the 
desired reduction in the total emission of pollutants, we have proved that this 
reduction will satisfy the necessary conditions for the minimization of the 
program’s cost to society." 


1 In this case, A (and hence t) is the shadow price of the pollution constraint. In addition 
to satisfying these necessary first-order conditions, cost-minimization requires that the 
production functions possess the usual second-order properties. An interesting treatment 
of this issue is available in Portes. We should also point out that our proof assumes 
that the firm takes ¢ as given and beyond its control. Bohm discusses some of the problems 
that can arise where the firm takes into account the effects of its behavior on the value of ¢. 
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Role des droits de propriété du sol et de Veau dans Uallocation des ressources, Le mécanisme 
deg prix ne peut conduire d une allocation efficace des ressources qui ne font pas Yobjet de 
propriété, C’est ce que nous constatons en comparant histoire de l'utilisation du sol et 
de l’eau en amérique du Nord. La méme conclusion va d’ailleurs pour l'utilisation de l’air. 
Dans cet article, auteur défend la thése selon laquelle les problémes de la pollution des 
eaux seraient réglés plus facilement en établissant une grille des droits d’usage de l'eau 
plutét que par l’institution de systémes complexes de prix témoins. Une solution qui s'impose 
d’elle-méme consiste dans le paiement de droits d’usage des biens libres. On parvient ainsi 
a la mise sur pied d’un systéme de prix pour l'utilisation des biens libres dans le cas ou 
l'usage conduit a leur détérioration ou leur destruction, L’auteur n’accepte pas Yidée selon 
laquelle le systéme des prix témoins se justifie par l’existence des Economies ou des 
déséconomies externes, et cela pour deux raisons. D’abord I’existence d’ua systéme de prix 
réels permet de transformer les externalités technologiques nuisibles en externalités 
pécuniaires acceptables pour la société. En second lieu, la thése des externalités ignore la 
mobilité des individus tout en reconnaissant celle des agents de pollution. Enfin auteur 
conclut que, dans le cadre des certains choix collectifs, l’établissement d’un marché des 
ressources dite libres est non seulement économiquement rentable, mais se traduit par des 
réductions considérables des frais d’administration. 


I 


Increasing public concern about the pollution of natural water systems in North 
America has confronted governments with a new problem in resource adminis- 
tration, and challenged economists to devise an artificial pricing system for 
water that will itself promote wise use of the resource, thereby greatly simplify- 
ing the lives of water administrators. The pricing problem turns out, not 
unexpectedly, to be a deliciously complex tangle of joint uses, externalities, and 
peak-load problems. The administrative problem of approximating optimum 
shadow prices by actual user charges promises to be a nightmare. 

The economic and administrative complexity of water problems is commonly 
explained as being inherent in the nature of a fluid resource. Because of the 
self-mixing quality of a fluid, one use of water at a given point may affect other 
uses at the same point; and because water flows through space, use at one point 
may also affect uses at other points. Opportunity cost pricing is accordingly very 
complex because of the number of alternative opportunities that may be affected 
by any one use at any one point, not to mention the complications introduced by 
time of use, varying stream flow, different rates of self-regeneration of different 
han at the First Annual Meeting of the Canadian Economics Association, Calgary, 
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however, is to Mr. J. C. McManus, who has spent much time discussing the paper with me 


and has done his best to prevent me from making errors. The paper has been written during a 
sabbatical year financed in part by the Canada Council. 
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stretches of water, and the chemical interactions of different types of waste 
after they have been discharged into a natural water system. 

Before we submit to this incubus of complexity, however, we might seek 
comfort in the reflection that the great virtue of a pricing system is that it solves, 
avoids, mediates, or somehow manages to dispel, all sorts of complexities, par- 
ticularly those that arise from various interdependencies between uses and 
users of goods. Yet the existence of a natural pricing system depends crucially 
on the institution of ownership. What is not owned cannot be priced since prices 
are payments for property rights or rights to the use of an asset.! In the course 
of allocating property rights to assets among different owners, the price system 
in fact transforms most potential “technological externalities” into “pecuniary 
externalities,” a synonym for prices. Thus we hear very little about externalities 
of land use, precisely because property rights to land use are well established 
and allocated by the price system. It is quite otherwise where water is con- 
cemed. 

We can now re-formulate the water problem and blame its complexity not on 
nature and the laws of fluids, but on man and his failure to devise property 
rights to the use of natural water systems. Economists tend to assume implicitly 
that it is impossible to own water and therefore seek to devise artificial price 
systems that are identical to what prices “would be” if ownership were possible. 
The alternative strategy is to devise an ownership system and then let a price 
system develop. The purpose of this article is to suggest that there are very 
considerable advantages to attacking our water problems by means of a system 
of explicit ownership rather than by a system of shadow prices. 

A geographical reflection is also in order. Despite the large numbers of people 
who live on the St. Lawrence, the Fraser, and the St. John, most Canadians live 
on lakes, or on rivers that flow into lakes, rather than into oceans, whereas most 
Americans, despite the large population around the southern rim of the Great 
Lakes, live on river systems that discharge into salt water. Lakes are much less 
“mobile” and much less “self-mixing” than rivers. Most of the water in lakes 
stays there for prolonged periods, and recent research has shown that during 
much of the year the shallow, inshore waters of large lakes are effectively 
isolated from the very large volumes of water in their deep centres.? (Similar 
propositions apparently apply to oceans; otherwise the serious pollution prob- 
lems of coastal cities such as San Francisco, New York, and Vancouver would 
not exist. ) 

People who live on river systems, as most Americans do, tend to pass on their 
pollution to the next downstream community, thereby creating vexing exter- 
nality problems. American literature on pollution has been strongly influenced 
by the uni-directional flow of rivers, which makes it relatively easy to solve the 
1One never owns physical assets, but only the rights to use physical assets. Professor Ronald 
Coase writes that a factor of production “is usually thought of as a physical entity which the 
businessman acquires and uses (an acre of land, a ton of fertilizer ) instead of as a right to 
perform certain (physical) actions. We may speak of a person owning land and using it as a 
factor of production but what the Jand-owner in fact possesses is the right to carry out a cir- 
cumscribed list of actions. The rights of a land-owner are not unlimited.” See his “The 
Problem of Social Cost,” Journal of Law and Economics, Oct. 1960, 1-44, reprinted in W. 


Breit and H. M. Hochman, eds., Readings in Micro-Economics, (New York, 1968), 423-56; 
the quotation is from p. 456, 
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identification problem of who pollutes whom. River pollution therefore lends 
itself to economic analysis in terms of externalities, and shadow-pricing schemes 
to offset them. People who live on lake systems (most Canadians ) tend to 
pollute themselves; because inshore lake water, far from being uni-directional, 
tends to slosh up and down the shoreline, lake pollution tends to be a sort of 
Hobbesean war of all against all. It therefore requires economic analysis in terms 
of social decision-making and social welfare functions rather than in terms of the 
effects of autonomous upstream communities on autonomous downstream com- 
munities. The economics of Canadian water pollution is therefore quite different 
from the economics of American water pollution. 


II 


Rent theory has been the traditional vehicle for studying the economics of 
natural resources, and a review of some of the effects of the ownership-rental 
system as applied to land highlights the opposite effects induced by the absence 
of an ownership-rental system as applied to water. Following normal practice, 
we shall speak of the supply of land (or water) available to any society as fixed 
by nature. Though fixed in supply when measured in natural units (acres or 
gallons), the quality of land and water can be changed by human action. (Were 
we to measure the quantity of land in efficiency units of a given quality, its 
supply would be variable; we conduct the present argument, however, in terms 
of natural units, fixed supplies, and variable qualities.) Imagine a society where 
all land is being used and even the poorest of it commands a positive rent (this 
assumption allows us to avoid those not very illuminating discussions about 
no-rent land and the relationships between the extensive and intensive margins ) 
and suppose that an initial state of equilibrium exists, and in particular that at 
existing land values and rents there is neither investment nor disinvestment in 
the quality of the soil. Population growth when superimposed on this initial 
state will lead to increases in land values and rents; these increases in turn will 
lead to economies in the use of soil by means of the substitution of manufactured 
fertilizers and other intensive farming practices against inputs of natural soil 
fertility. The process may be described as one of investing in soil fertility, and 
the equilibrium stock of soil fertility will accordingly rise (or its rate of decline 
will fall). In a general form, the conclusion is that the level of rent determines 
the quality of the soil that it is economic to maintain. It is also clear, as Ricardo 
showed, that when man-made inputs are substituted for natural inputs in the 
food-producing industry the real cost of food increases and the standard of 
living in terms of food falls. Rising rents, therefore, tend to slow down popula- 
tion growth and lessen the population pressure that produces them. 

The working out of these processes in the historical development of the United 


“See G. K. Rodgers and D. V. Anderson, “The Thermal Structure of Lake Ontario,” Proceed- 
ings Sixth Conference Creat Lakes Research, 1963, University of Michigan publication 10, 
59-69; P. F. Hamblin and G. K. Rodgers, The Currents in the Toronto Region of Lake 
Ontario, publication (PR 29) of the Great Lakes Institute of the University of Toronto, 1967; 
and G. K. Rodgers, “Thermal Regime and Circulation in the Great Lakes,” in Claude E. 


Dolman, ed., Water Resources of Canada Royal Society of Canada, studia varia 11, (Toronto, 
1967), 87-95. 
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States has been brilliantly described by Bunce.’ In the early history of the 
country there was a high ratio of soil fertility to the human demands on it, and 
rent was accordingly low; “high farming” practices on the European model 
were therefore rejected, and economic use necessitated soil-depleting practices. 
In the course of time the man-soil fertility ratio rose, as a result both of popula- 
tion growth and of soil depletion; rents rose; more intensive farming practices 
became economic, and the rate of soil depletion was thereby reduced. A slowing 
down in the rate of population growth after 1900 further reduced pressure on 
the land; it is possible that in general soil depletion has now been brought to a 
halt in the United States and Canada, and that soil erosion and soil-depleting 
practices in some areas are balanced by soil-building investments in others. 

The contrast between the history of land and of water use on this continent 
is eloquent. Property rights were established in land, with rent being the pay- 
ment for the right to use the soil fertility; there were no water rents because 
property rights to water use were not established. Rising land rents led to more 
intensive land use and after 350 years there is no problem of population pressure 
on the land in North America. Water rents were zero; over-use of the water led 
to continuous reduction in water quality; and there is now a growing problem 
of population pressure on North American water resources. If we accept a 
simple dynamic extension of rent theory and assume a direct relationship be- 
tween the level of rent and the development of improved technologies, the 
land-water comparison is again suggestive. Rising land rents have been asso- 
ciated with phenomenal improvements in land-use technology; zero rents for 
water have been associated with virtually zero improvement in water-use tech- 
nology so far as quality-depleting uses are concerned. 

The short-run function of land rent, of course, is to allocate parcels of land 
among different users and different uses. What is interesting is that potential 
externalities of land use, for example, the operation of a pig farm in the centre 
of a choice residential area, seldom materialize. Land being immobile, the 
ownership-rental system seems to work in such a way as to produce “natural 
zoning” in land use. Differential rents provide the mechanism for such zoning, 
and the result is that potential technological externalities are continuously 
transformed into pecuniary externalities, or prices. It should also be noted that 
a formal economic description of this process depends on a recognition of space, 
and particularly of the socially “insulating” quality of space. So long as space 
exists—and we must remember that in most economic analysis it does not— 
“zoning” solutions to externalities, or what Mishan has recently called “separate 
facilities” solutions,‘ are possibilities. Given space, there is no need for pig 
farmers and business executives to live as neighbours, and therefore no need to 
devise a system of bribes to compensate one or the other party for damages 
suffered. 

The absence of an ownership-rental system for water has meant that water 
use has in fact been determined by such things as historical priority, gall, and 
force and fraud; it cannot be otherwise when property rights do not exist and 
when the price for the use of a valuable asset is zero. When no pricing process 


8A. C. Bunce, The Economics of Soil Conservation ( Ames, Iowa, 1945). 
4K, J. Mishan, The Costs of Economic Growth (New York, 1967), chap. 8. 
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exists, there is no mechanism to transform technological externalities into pecu- 
niary externalities. Accordingly we do observe striking examples of externalities 
in water use; stinking streams flow through choice residential areas, and anglers 
experience a mixture of rage and resignation as their favourite streams are 
polluted by industrial wastes. And then there are the externalities of all against 
all—householders help to destroy swimming beaches by their use of detergents 
(which promote algal growth), motorists pollute the air they breathe, and we 
all promote municipal and industrial pollution by insisting on cheap products 
and low taxes. 

These considerations suggest the enormous social benefits that have resulted 
from applying an ownership-rental system to land, and, by contrast, the enorm- 
ous social friction and economic waste that result from not applying an owner- 
ship-rental system to water. It has, of course, been relatively “easy” to apply 
property rights to land because land is both divisible and immobile. The awk- 
ward problem remains: is it possible to apply an ownership-rental system to the 
use of our water resources? 


Til 


To speak of owning an asset is to use a convenient abbreviation for a complex 
interaction between a legal concept and an economic concept. An asset may be 
thought of as “a bundle of potential utility-yielding services that can be used in 
alternative ways.” In the same vein, ownership consists of “a bundle of legally- 
defined user rights to an asset.” As Coase has pointed out, it is rights, never 
objects, that are owned, and the rights themselves are always limited by law; 
“outright” ownership can never, by definition, extend to the use of an asset for 
illegal purposes.® 

From the whole spectrum of possible ownership arrangements, we shall pick 
four major types for brief comment. What we shall call common-property 
ownership is, from an economic point of view, virtually non-ownership. A 
common-property asset is one that can be used by everyone, for almost any 
purpose, at zero cost. Examples are the mediaeval commons, the high seas, wild 
game, freeways, and (until recently in this country) air and water. Common- 
property ownership is justified economically only when the costs of enforcing a 
more restricted form of property-rights would be greater than the benefits of 
doing so. H. S. Gordon has shown that, neglecting enforcement costs, common- 
property ownership of an asset is economically inefficient in that the asset will 
be over-used by comparison with assets that are subject to more restrictive 
property rights.° Empirically it is clear that if the asset is depletable it will be 
continuously depleted on the grounds that “everybody’s property is nobody’s 
property”: mediaeval commons were overstocked; modern freeways (but not 
toll-ways) quickly become congested; wild animals (but never domestic ani- 
mals) become scarce or extinct; and the deteriorating quality of our air and 
water resources has become a matter of widespread concern. The concept of a 


5See Coase, “The Problem of Social Cost.” 
8H. S. Gordon, “The Economic Theory of a Common-Property Resource: The Fishery,” 
Journal of Political Economy, April 1954, 12442. 
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free good has always been a contradiction in terms; it is time we appreciated its 
sardonic overtones, for anything that is treated as a free good is indeed likely to 
become a valueless thing, 

In general common-property assets are nominally owned by some public 
body, usually a government, and the owner may restrict use of the property in 
a variety of ways. Some roads may be used by motorists but not by cyclists or 
pedestrians; some wild animals may be photographed, but not shot; on some 
lakes canoes and sailboats may be used, but not motor-boats. It seems reasonable 
to refer to such property as restricted common-property; though the type of use 
is restricted, it is still common-property in the sense that everyone can use it for 
designated purposes at zero cost. If uses that deplete the asset in a physical 
sense are banned, the quality of the assct can be maintained, though “conges- 
tion” problems may reducc its value to other users. 

When the use of an asset is restricted by law to particular persons, or a par- 
ticular person, we have what can conveniently be called status-tenure or fixed- 
tenure ownership. Such ownership guarantees exclusivity of use to the parties 
authorized to use the property, but these user rights are not transferable. 
Though secure right of access to an asset by a limited group of people is valuable, 
the absence of the right of transferability prevents an explicit price system from 
developing. Nevertheless implicit prices are likely to appear. If the right to send 
one’s children to a particularly good school is limited to those who live in a 
particular area, the value of the rights are likely to become reflected in the value 
of real estate in the area concerned. The “regulatory” branches of modern 
governments create an enormous variety of valuable property rights that are 
imperfectly transferable, and that tend to be capitalized and monetized in ways 
that are usually unsuspected by their creators. The value of tariff protection, a 
quota to grow tobacco, a licence to transport milk or to operate a taxicab, are 
reflected in the values of tariff-protected businesses, tobacco farms, milk routes, 
and taxi fleets.’ Though the indirect monetization of such rights is seldom illegal, 
contemporary populations choose to be as hypocritical about the process as 
mediaevel populations were about the evasions of prohibitions on the payment 
of interest; social inhibitions about a rational approach to property and prices 
have outlived social inhibitions about rational approaches to astronomy and sex. 

From status-tenure to full ownership, in the usual contemporary sense of the 
term, is but a short step. Once the property right is separated from the person, 
it becomes transferable, and transfers of assets (rights) then take place at 
explicit prices. Transferable property rights stand in a one-to-one relationship 
to prices; everything that is owned is priced, and everything that is priced is 
owned—which is to say nothing about either the form of ownership (transferable 
property rights to assets may be owned by individuals, corporations, or govern- 
ments) or about the precise functional relationship between ownership and 
prices. Ideological hang-ups on concepts of property rights and ownership are 
understandable because such concepts touch the very roots of society. We have 
not yet learned to discuss such matters unemotionally. Though we are inclined 
to take a condescending view of mediaeval man’s distrust of full property rights 


7On this general question, see Charles A. Reich, “The New Property,” Yale Law Journal, 73, 
no. 5 ( April 1964), 733-87. 
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to land, we tend to become quite agitated when valuable government-granted 
rights (licences to import, for example) are traded in the market place, or when 
suggestions to extend property rights to air and water are put forward for discus- 
sion. Property and prices still raise ancient fears that “the rich will eat out the 
poor. 


IV 


Since the right to use water is valuable, and since ownership consists of user 
rights, it should in principle be possible to devise an ownership-rental system 
for water. As is well known, however, certain characteristics of a natural water 
system create special problems in ownership. 

The characteristics of an ownership system reflect in part the “divisibility” of 
the asset to which it is applied. Let us define an asset-unit as the smallest physi- 
cal amount of the asset to which it is practicable to apply property rights, i-e., 
for which it is practicable to enforce exclusivity of use. In land, the asset-unit is 
very small, perhaps a few square yards; when the asset-unit is small compared 
to the quantity of the asset available, the asset can be held by a large number of 
individual owners. In such cases a “private property” form of ownership is likely 
to work well; decisions about the use of the asset will be decentralized among 
many owners, and a reasonably competitive market in asset-units will emerge. 

In water, the asset-unit is very large. If water were completely “self-mixing,” 
no one would pay anything to own Lake Ontario unless he could also own the 
whole Great Lakes drainage basin above the St. Lawrence river. As we have 
seen, however, water, especially in large lakes, mixes only slowly and imper- 
fectly; because of this, and because of the self-purifying characteristic of water, 
the quality of water in the eastern end of Lake Ontario may be effectively inde- 
pendent of the uses made of the water at the western end of the lake. Even so, 
it is clear that the asset-unit is very large. It might be possible to divide the 
Great Lakes water system into, say, a dozen “regions” each of which would be 
self-contained for practical purposes, but it would certainly be impossible to 
divide them into a thousand such regions. In a democratic society it would be 
unacceptable to allow as few as a dozen, or even a score, of owners to control 
such an immense property as the Great Lakes drainage system. The only sensible 
alternative is the one actually adopted, namely, monopoly ownership by govern- 
ment. The reverse side of this coin is that the government must decide how its 
property is to be used and must enforce its decisions—assuming that it wishes to 
avoid the horrors of the common-property approach to resource management. 

The decision about how water shall be used must be an arbitrary one from 
the standpoint of economics. Let me argue this point on the basis of a simple 
(but seemingly realistic) classification of water uses. 

If we ignore such uses as navigation and the generation of hydroelectric 
power, which have insignificant effects on water quality, it seems reasonable to 
classify other uses into two categories: waste disposal, and “all other” uses, 
which we shall call amenity use. These two uses are competitive. Though it is not 
true that fishermen, swimmers, industries that use water for processing purposes, 
and municipal authorities responsible for residential water supplies all have the 
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same quality demands, it is true that some of these users would be benefited, 
and none would be harmed, by an improvement in water quality. Waste dis- 
posers, on the other hand, would be harmed by such an improvement since it 
could only occur if less waste were discharged into the water. We thus reduce 
the many uses of water to two: amenity use and waste disposal. The social prob- 
lem is then to decide on the division of water services between these two con- 
flicting uses. In principle, the division should be made in such a way that the 
value of a marginal increment in the one good is equal to the value of a marginal 
decrement in the other. But since the value of a marginal change in amenity use 
cannot be measured, the optimum amount of waste disposal cannot be identified. 
In practice, the decision is made on a political rather than an economic calculus. 
Once there is a political demand for “pollution control,” anti-pollution measures 
tend to be instituted incrementally until complaints about their cost outweigh 
complaints about pollution! That sort of solution, applied also to such things as 
education, road systems, and various social welfare schemes, seems to me to be 
eminently sensible, faute de mieux. 

In water quality problems, however, it is important to keep in mind that, 
within limits, water can be “regionalized” for practical purposes, and that “zon- 
ing” solutions to quality problems are therefore possible in some cases. In 
practice it would probably be wise to provide for different ratios of amenity use 
to waste disposal use in different water “regions”; the socially insulating quality 
of space should be utilized wherever possible. People are mobile, and if they can 
consume the amenity services of water in the upper reaches of a river and the 
waste disposal services of the same river in its lower reaches, there is no need to 
force them to decide on the optimum division between amenity uses and waste 
disposal uses of the water in both the upper and lower parts of the river. But 
again, alas, economics has little to say about a feasible or desirable delimitation 
of water “regions”; a sensible “mapping” of water must be left to the good judg- 
ment of physical scientists and politicians. 

The contention that there exists no economically optimum division between 
amenity and pollution uses of water will be resisted by exponents of damage- 
cost pricing.’ In the classic example of an upstream community polluting a 
downstream community, an allegation of damage to the downstream user seems 
to rest on three assumptions: that the downstream community owns its water 
and in particular owns the right not to have its water polluted by others; that 
the downstream community gains no advantage from the upstream pollution, 
i.e., that its residents buy no goods from their upstream neighbours at prices that 
are lower than they would be if the upstream community were forced to reduce 
its pollution; and that the upstream residents suffer no disadvantages from the 
downstream pollution because they never visit the downstream area for fishing, 
swimming, or other recreational purposes. The property rights assumption has 
not generally been true in the past in North America, and even to-day it is far 
from clear that a downstream community has any more right to use the river 
water for swimming and drinking than the upstream community has to use it for 
waste disposal purposes. The other two assumptions about the inter-community 


8A good exposition of damage-cost pricing is to be found in Allen V. Kneese, The Economics 
of Regional Water Quality Management (Baltimore, 1964). 
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immobility of goods and people are, in general, untenable. ‘The “polluter- 
pollutee” view of the problem that underlies the recommendation of damage- 
cost pricing derives from the apparently easy identification of the two parties on 
a river. Once the mobility of goods and people up and down a river is taken into 
account, however, identification becomes much more difficult and the problem 
appears much like the “war of all against all” that is characteristic of lake and 
ocean pollution. 

Even if everyone is at once a polluter and a pollutee, however, the optimum 
amount of pollution could be achieved if the value of a marginal dose of pollu- 
tion could be measured. But it cannot be measured, because its value is the value 
of the amenity use forgone, which cannot be measured. Attempts have been 
made to measure the recreational value of particular land and water areas, but 
all such measurements are made on the partial equilibrium assumption that the 
recreational use of neighbouring areas is held constant. In general, however, a 
reduction in the amenity capacity of one river or lake will result in increased 
pressure on the amenity capacities of other rivers and lakes in the same general 
area. So far as I know, no one has been able to measure the amenity value of an 
acre-foot of water under general equilibrium assumptions. All we can be reason- 
ably sure about is that the recreational value of water rises as population grows 
and the standard of living increases. 

In brief, it seems to me that it is unrealistic to view water management as a 
problem in externalities, and that the question of how water should be used is 
purely a matter of collective decision-making. Economics cannot be of any 
significant help in making this decision. Even the principle that property rights 
should be set so as to maximize social product is of no use in the case of water 
because the values of amenity uses of water—recreation, and the simple aesthetic 
satisfaction that most of us gain from looking at, or even merely contemplating 
the existence of, clean water—cannot be measured, though such values are 
certainly part of any society’s gross national welfare. Social welfare functions, 
community indifference curves, and benefit-cost analysis are ways of visualizing 
the social decision-making problem, but not of solving it. 

What is special about the ownership of water, therefore, is that the owner 
must decide, without the benefit of economics, how his asset is to be divided 
among different uses. (When asset-units are small relative to the amount of the 
asset available, as in land, decentralized ownership is possible and the amount 
of the asset devoted to different uses is, for practical purposes, determined by 
market forces.) But this special quality of water (and air) ownership does not 
make it impossible to apply a rental system to water management. 


Vv 


If economics has nothing useful to say about the ownership decision of how 
water should be used, it has a great deal to say about how the decision, once 
made, should be implemented. What the government-owner of a natural water 
system must decide is how many equivalent tons of wastes may be discharged 
into the waters of each water region. The decision has at least three arbitrary 
components. Since in given circumstances a ton of one waste is likely to be more 
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injurious than a ton of another, some equivalence must be established between 
different waste products, and since circumstances differ widely I assume that 
some average equivalence is chosen for each region in order to simplify the 
problem and reduce administrative difficulties. The other two sources of arbi- 
trariness from the economic point of view, the mapping of regions and the choice 
of the amount of pollution in each region, have already been discussed. Let us 
now suppose that the owner has decided that during the next five years no more 
than x equivalent tons of waste per year are to be dumped into the waters of 
region A, and that x represents a 10 per cent reduction from the amount of waste 
that is currently being discharged into the region’s waters. How can the gover- 
ment-owner enforce this decision? 

The government can enforce its decision in one of six main ways. It can 
regulate: (1) a waste quota can be assigned to each waste discharger and set so 
that the sum of the quotas does not exceed x; or (2) an across-the-board regula- 
tion that each discharger must reduce his waste discharge by 10 per cent may be 
promulgated. It can subsidize: (3) dischargers can be subsidized to reduce 
their wastes, either individually or (4) on an across-the-board basis of so much 
per ton of waste discharge reduced. It can charge: (5) an effluent charge can 
be levied on dischargers, either individually, or (6) on an across-the-board basis 
of so much per ton of waste discharged. 

I suggest that it is intuitively obvious that the individual, or point-by-point, 
procedures would involve staggering administrative costs. Yet it should be noted 
that politicians and civil servants seem to favour point-by-point regulation, and 
that economists who recommend damage-cost pricing favour point-by-point 
charging schemes. It seems intuitively obvious that in practice no point-by-point 
procedure could distribute the cost of reducing pollution among polluters in an 
economically optimal way, i.e., in a way that would minimize the total cost of 
reducing pollution by 10 per cent. To suppose that optimality in this sense is 
possible is to suppose that the administrative authority is able to solve a set of 
thousands of simultaneous equations, when the information required to write 
the equations in numerical form is-not only not available, but also often unob- 
tainable. It is also obvious that an across-the-board regulation to the effect that 
all dischargers must reduce their wastes by 10 per cent would results in a non- 
optimal distribution of the cost burden.? 

Let us then examine the across-the-board schemes of subsidization and 
charging. Both possess the advantages of low administrative costs relative to the 
point-by-point schemes, and both would result in an optimum distribution of 
costs among dischargers; all dischargers would reduce their wastes up to the 
point where the marginal cost of doing so equalled the subsidy provided, or the 
charge levied. Both schemes have two disadvantages: a certain amount of 
experimentation would be necessary to establish the level of subsidy, or charge, 
that would produce a 10 per cent reduction in waste discharge; and the levels 
®Paul A, Bradley, “Producers’ Decisions and Water Quality Control” (Background Paper 
D 29-3 in Pollution and Our Environment, papers presented at a conference held in Montreal, 
Oct. 31 to Nov. 4, 1966, by the Canadian Council of Resource Ministers ) discusses various 
possible reactions of individual firms to the regulation of effluent standards and to a system 


of effluent charges. Standards, charges, and subsidies are discussed extensively in Kneese, 
Economics of Regional Water Quality Management, chaps. 4 and 8. 
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would have to be varied annually to take account of industrial and demographic 
growth (or decline) in the region in order to keep to the target of x equivalent 
tons of waste discharge. The subsidy scheme, however, has two disadvantages 
that the charging scheme does not have. First, if a subsidy of so much per ton 
of waste reduced is set, extra profits will accrue to those firms that can reduce 
their wastes at a cost per ton that is less than the subsidy provided, and no 
change in relative prices of goods is necessary. In the charging scheme excess 
profits will not be generated, and there will necessarily be a change in relative 
prices of goods, which in turn will result in a socially desirable adjustment of 
consumption pattems to reflect the differential costs of waste disposal as between 
different goods. Second, the subsidization scheme provides no incentive to 
choose production methods that reduce the amount of waste generated ( and 
may indeed have the opposite effect! ), whereas the charging scheme provides 
incentives both to reduce waste and improve the technology of treating waste 
before it is discharged. The across-the-board charging scheme is therefore 
clearly the best of the six possible ways of implementing the government's 
decision. 

Its victory is made decisive by the fact that it lends itself easily to a market 
mechanism, whereas the subsidy scheme does not. The government's decision is, 
let us say, that for the next five years no more than x equivalent tons of waste per 
year are to be discharged into the waters of region A. Let it therefore issue x 
pollution rights and put them up for sale, simultaneously passing a law that 
everyone who discharges one equivalent ton of waste into the natural water 
system during a year must hold one pollution right throughout the year. Since x 
is less than the number of equivalent tons of waste being discharged at present, 
the rights will command a positive price—a price sufficient to result in a 10 per 
cent reduction in waste discharge. The market in rights would be continuous. 
Firms that found that their actual production was likely to be less than their 
initial estimate of production would have rights to sell, and those in the contrary 
situation would be in the market as buyers. Anyone should be able to buy rights; 
clean-water groups would be able to buy rights and not exercise them. A forward 
market in rights might be established. The rights should be for one year only, 
the price of one right for one year representing the annual rental value of the 
water for waste disposal purposes.1° (There is no reason, though, why specula- 
tors should not gamble in one year on the price of rights in later years.) The 
virtues of the market mechanism are that no person, or agency, has to set the 
price—it is set by the competition among buyers and sellers of rights—and that 
the price in the market automatically “allows for” the regional growth (or 
decline) factor. If the region experiences demographic or industrial growth the 
price of rights will automatically rise and induce existing dischargers to reduce 
their wastes in order to make room for the newcomers. The government should 
make it clear that it reserves the right to alter the allowable level of pollution 
(the number of rights it issues) at stated time intervals (say, every five or ten 
years ), All that is required to make the market work is the inflexible resolve of 
the government not to change the rights issue during the interval, no matter 


10Professor Neufeld has suggested that it would be desirable to issue rights of different dura- 
tions; more complicated schemes than the one outlined in the text could easily be arranged. 
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what the political pressures to do so may be, and to enforce rigidly the require- 
ment that a ton-year of waste discharge must be paid for by the holding of one 
pollution right for one year. Pollution rights are fully transferable property 
rights, and any welching on the enforcement of the right would be a breach of 
trust. 

The automaticity of the market mechanism reduces administrative costs by 
relieving administrators of the necessity of setting the charge for rights and 
changing it periodically to reflect economic growth or decline. The administra- 
tive costs of enforcement would remain, of course, but they would be no greater 
than the costs of enforcing any of the other implementation schemes that we 
have considered. Technological change in the form of automatic monitoring 
devices to measure the volume of effluents from discharge points promises to 
reduce the costs of policing for all anti-pollution schemes. 

Compliance with any point-by-point regulatory or subsidization scheme of 
pollution control establishes a sort of status-tenure property right. The right 
inheres to the discharger that earns it, and is only transferable (at the capital- 
ized value of its implicit price) when the property to which it applies is sold. 
The market mechanism of the across-the-board charging scheme separates the 
property right to water use from the other assets of the discharger, and thereby 
makes the property right fully transferable. Full transferability and explicit 
prices are, as has been noted, considered preferable to status tenure and implicit 
prices by contempouary populations in Western democratic societies. 


VI 


Having puffed the merits of the across-the-board cum market mechanism scheme 
of pollution control, I must now take note of its deficiencies. There are four 
arbitrary elements: the mapping of water regions; the setting of waste equiva- 
lents; the choice of the allowable amount of waste discharge; and the choice of 
time interval during which the number of pollution rights is fixed. By comparison 
with some ideal, Pareto-optimal scheme laid up in Heaven, each of these deci- 
sions is bound to introduce elements of non-optimality into the arrangements I 
have proposed. In each case, however, I suggest that the saving in administrative 
costs is likely to outweigh the loss in terms of resource misallocation, measured 
from some theoretical optimum that ignores administrative and other transac- 
tions costs—notably the cost of acquiring enough information to administer an 
optimal pricing system." 

The question of the possible effects of pollution charges on the location of 
industries (and population) requires special comment. It is often suggested in 
the literature that waste discharged into a large, lightly populated river system 
does less damage than if it is discharged into a small, thickly populated river 
system, and that accordingly pollution charges for use of the former ought to be 
lower than for use of the latter. This reasoning assumes that the only costs of 
11A referee for this paper wrote that my scheme requires “that the questions of how much 

ollution, where pollution is to be allowed, how it is to be measured . . . etc., are all answered 
b dtoreWandl But these are the really big questions.” I agree. I don’t think that economic 


analysis can answer these questions; it can, however, point to the best means of implementing 
the given answers. 
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waste discharge are the objective, measurable, costs to residents in the area, or 
more generally—if people are allowed to live in one area and vacation in another 
—that the damage done to amenities by an extra ton of waste is everywhere the 
same. A system of charging that equalized marginal measurable costs as between 
water systems would then minimize the objective costs of disposing of a given 
tonnage of wastes over all the water systems in an area. But this argument does 
not hold if the goal is to minimize total costs of disposing of a given tonnage 
of wastes. 

In general, as one river system (or one part of a lake) becomes more polluted, 
the amenity value of neighbouring unpolluted waters rises. Moreover, when 
pollution reaches a level that is inconsistent with all recreational uses, added 
waste discharge has no recreational cost, while added pollution (that destroys 
swimming even if not, say, boating) in a popular vacation area probably has a 
very high recreational cost. The demand for amenity uses of water is certainly 
not a continuous function of water quality. Not enough is known, or perhaps 
knowable, about the demand for amenity uses of water to devise a fully optimal 
use of water in an “n-region system.” In general, though, when congestion prob- 
lems arise—when people begin to realize the existence of a spatially generalized 
pollution problem—it is clear that as pollution levels in one area rise the amenity 
value of relatively clean water in neighbouring areas rises; thus the opportunity 
cost of using such waters for waste disposal purposes also rises. This considera- 
tion by itself, therefore, suggests that pollution charges should be higher in areas 
where pollution is currently at low levels than in areas where it is at high levels 
—the reverse of the pricing system usually recommended. The system of low 
pollution charges for a low pollution level tends to spread pollution evenly over 
the countryside. I prefer the opposite system of high pollution charges for a low 
pollution level; it tends to create the separate facilities recommended by Mishan. 

In any event, in the present state of knowledge about amenity values of water, 
it is obvious that the spatial pattern of pollution, or the price differentials 
between regions for pollution rights, will reflect an arbitrary decision by govern- 
ment. In the scheme outlined in this paper initial differentials in the prices of pol- 
lution rights will probably not be large if waste disposal were to be reduced by 
10 per cent in each region. As time goes on, however, price differentials will tend 
to change as other forces lead to the centralization or decentralization of indus- 
tries and populations. These tendencies can be offset, or encouraged, by the 
government's decision about the absolute and relative numbers of rights made 
available for sale in different regions. Thus the government-owner of a water 
(or air) system must decide not only the over-all quality of his asset, but also the 
quality of the asset in each region. 

It should be noted, finally, that the market in pollution rights is not a “true” or 
“natural” market. In natural markets price creates two-way communication 
between sources of supply and demand and affects amounts supplied as well as 
amounts demanded. (Where supply is fixed in natural units, as in the land 
market, price affects the equilibrium quality of the asset, and mediates between 
the users of land on the one hand and the users of the products of land on the 
other.) My market provides only for one-way communication. It transmits the 
government-owner’s decisions about the use of water to the users of the asset, 
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but there is no feedback from the users to the owner. A rise in the price of a 
pollution right signals that the waste disposal use of water is becoming more 
valuable; but this does not mean that the supply of allowable waste disposal 
capacity should be increased, for the value of the competing amenity use of 
water is also likely to be increasing under the impact of the same growth forces 
that make the waste disposal use more valuable. The price signals that the 
government gets from the market are “false,” in the sense that they are largely 
echoes of its own arbitrary decision about the supply of rights. The market pro- 
posed in this paper is therefore nothing more than an administrative tool. But 
administrative tools that have some prima facie claim to efficiency should not be 
ignored in an increasingly administered society. 
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1. INTRODUCTION 


Artificial markets have received some attention as a means of remedying 
market failure and, in particular, dealing with pollution from various 
sources. Arrow [1] has demonstrated that when externalities are present 
in a general equilibrium system, a suitable expansion of the commodity 
space would lead to Pareto optimality by bringing externalities under the 
control of the price system. Since his procedure is to define new commod- 
ities, each of which is identified by the type of externality, the person who 
produces it and the person who suffers it, his conclusion is pessimistic. 
Fach market in the newly defined commodities involves but one buyer 
and one seller, and no forces exist to compel the behavior which would 
bring about a competitive equilibrium. 

On the other hand, many forms of pollution are perfect substitutes for 
each other. Sulfur oxide emissions from one power plant trade off in the 
preferences of any sufferer with sulfur oxide emissions from some other 
power plant at a constant rate. This fact leads to the possibility of 
establishing markets in rights (or “‘licenses”) which will bring together 
many buyers and sellers. Dales [2] has discussed a wide variety of such 
arrangements. 

Unfortunately, because of the elements of public goods present in most 
environmental improvements, it appears unlikely that markets in rights, 
containing many sufferers from pollution as participants, will lead to 
overall Pareto optimality. They can only serve the more limited, but still 


* Parts of this article appeared in my Ph.D. dissertation ‘Market Systems for the 
Control of Air Pollution,” submitted to the Department of Economics at Harvard 
University in May, 1971, Research on this thesis was partly supported under Grant 
No. AP-00842 from the Environmental Protection Agency to Walter Isard. I am also 
indebted to Kenneth Arrow and James Quirk for valuable advice. Needless to say, 
all errors are solely the responsibility of the author. 
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valuable, function of achieving specified levels of environmental quality 
in an eflicient manner. An example of this function is found ina proposal 
by Jacoby and Schaumburg [6] to establish a market in licenses (or 
“BOD bonds”) to control water pollution from industrial sources in the 
Delaware estuary. The purpose of the present article is to provide a solid 
theoretical foundation for such proposals. Markets such as those proposed 
by Jacoby and Schaumburg will be characterized in a general fashion, and 
it will be proved that even in quite complex circumstances the market in 
licenses has an equilibrium which achieves externally given standards of 
environmental quality at least cost to the regulated industries. 

Two types of license are discussed: a “pollution license,” and an 
“emission license.” The emission license directly confers a right to emit 
pollutants up to a certain rate. The pollution license confers the right 
to emit pollutants at a rate which will cause no more than a specified 
increase in the level of pollution at a certain point. Since a polluter will 
in general affect air or water quality at a number of points as a result of 
his emissions, he will be required to hold a portfolio of licenses covering 
all relevant monitoring points. All such licenses are free transferable. 
A main thesis of this article is that the market in pollution licenses will be 
more widely applicable than the market in emission licenses. 


1.1. The Applicable Pollution Control Problem 


Consider the following problem of pollution control: In a certain region 
there is a set of 7 industrial sources of pollution, each of which is fixed in 
location and owned by an independent, profit-maximizing firm. The prices 
of the inputs and outputs of these firms are fixed, because the region is 
small relative to the entire economy. Therefore any change in the level of 
output of a firm or industry in the region will have only a negligible 
impact on the output of the economy as a whole, and prices will be 
unaffected by output changes in the region. These firms are represented 
by.aset onintegers 1-4 1....,.22}. 

Some regional standard of environmental quality in terms of a single 
pollutant has been chosen as a goal by a resource management agency. 
This standard is denoted by a vector O* = (q,*,...) Ym*). If air pollution 
is the particular area of interest, qg;* might be an annual average concen- 
tration of sulfur dioxide at point j in an air basin. If water pollution is 
involved, q;* might be a measure of dissolved oxygen deficit at point j 
on a river. Since there is only one pollutant present in the region, the 
elements of Q* represent concentrations of the one pollutant at various 
locations. The development of a decentralized system for achieving 
environmental goals at a number of different locations is the most im- 
portant contribution of this article. 
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All pollution in the region arises from the industrial sources, each of 
which emits a single pollutant at the rate e,;. The emission vector 
E = (€,,..., €,) is mapped into concentrations by a semipositive matrix H, 
so that E: H = Q. The standard Q* imposes constraints on allowable 
emission rates of the form E- H < Q*. The problem of pollution control 
is to achieve Q* at least cost to the polluters. 

Some discussion of the limitations which the model places on the 
results presented is in order. The assumption that concentrations are a 
linear function of emissions is the only part of this problem which does 
not generalize easily. Therefore, the market in licenses to be described 
must be construed as applicable only in situations in which the assumption 
is approximately true. Fortunately, there are at least two important 
problems of pollution control in which it is true. One such is the manage- 
ment of dissolved oxygen deficit in a river. The DOD at a point down- 
stream of a source releasing BOD (bacteriological oxygen demand) 
effluent is proportional to the BOD released [6, 8]. 

Management of concentrations of nonreactive atmospheric pollutants 
is another problem in which linearity is approximately true, as long as the 
variables to be related are average emission rates and average concen- 
trations [5]. In this case, which will be used in this article as the source of 
illustrative examples, a meteorological diffusion model prevides the means 
of relating long-run average concentrations to average rates of emission. 
As formulated by Martin and Tikvart [11], the model is based on an 
equation describing the shape of a smoke plume from an elevated source 
emitting at a constant rate with a wind of constant direction and speed. 
From this equation, the contribution of any source to concentration at 
any receptor can be calculated for given wind direction and speed. By 
taking the frequency distribution of wind direction and speed and 
appropriately modifying the predicted concentrations, one arrives at a 
theoretical relationship between average rates of emission and average 
concentrations [14]. 

The results of the diffusion model can be conveniently represented as an 
m X n matrix of unit diffusion coefficients, denoted 


Hiss l ox he; ay 


The typical element states the contribution which one unit of emission by 
firm / makes to average pollutant concentration at point /. 

The assumption that only one pollutant is present in the region can be 
justified by appeal to the external decision on desired air quality. If 
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desired air quality in terms of one pollutant is independent of desired air 
quality in terms of any other so that, for example, the decision on the 
desirability of a certain concentration of sulfur dioxide is independent of 
the concentration of particulates permitted in the region, then nothing is 
lost. The management problem can be generalized by adding constraints 
representing emission vectors which achieve desired levels of many 
pollutants and joint production of pollution. In principle, it is solved in 
the same way as the one-pollutant system developed here. 

The assumption that all prices (except those associated with pollution) 
are unaffected by measures undertaken to control pollution is a common 
one in economic analysis of environmental problems. It is necessary to 
allow consideration of problems in isolation, and to avoid full-sized 
(and nonoperational) general-equilibrium models [9]. 

When this assumption is made, it is possible to define for each firm a 
single-valued function which associates a cost with any emission rate 
adopted by the firm. 


1.2. The Cost Function 


The purpose of this section is to construct a function relating each level 
of emission which might be adopted by the firm to its cost and to establish 
that the profit-maximizing firm will minimize this function. Moreover, 
it will be argued that no firm will ever choose a level of emission greater 
than that which is observed in the complete absence of regulation. 

Consider the typical multiproduct firm i. Let 


Gi Vir 5-019 Ver » Cs) 


represent the minimum total cost of producing a vector of output 
(1 5+) Vig) and emissions e;. This is the cost incurred when inputs are 
optimally adjusted for that output and emission level. For the static 
analysis with which we deal, we can assume that both operating costs and 
an annual capital cost are included. Profit then will be 


Te y Pe¥er = Gd Var ys Yirs €;). 


Assume that G; is convex and twice differentiable and that its domain is 
the positive orthant of the r + I-dimensional space of real numbers. 
Define (Vi1 5+» Vir » &1) bY 
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Now consider the case in which the firm must adopt an emission level e, 
and adjusts its output in order to obtain maximum profit for the fixed level 
of emission. Define 7, by 


F PiDinm Ghd aves Vind Coe Dar [> Pein GA Vadis ce). 

r He r 
The cost to firm i of adopting emission level e; is defined as the difference 
between its unconstrained maximum of profit and its maximum of profit 
when emissions equal e; . That is, 


Fe) = ¥. pA dir — Dar) = (GA Var 009 Vin > @:) — GASar 15 Dir > en). 
‘i (1.1) 
This cost is composed of two terms: the change in gross income from 
altering the output vector and the change in costs from setting emissions 
at a nonoptimal level (with an optimal adjustment of output).! 
Consider the variation in F,(e;) when a small change is made in e; . 
Differentiating totally with respect to e; , we find 


aoe dy;, 0G; de; ; (1.2) 
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We have assumed that output levels adjust to maximize profit for a given 
level of e;. That is, y,;, adjusts so that 


Ly 0G; OY iz = 0 
for ==" lh.re Therefore: (13), 
dF (e;)/de; => 0G,/0e; r (13) 


It can further be shown that the convexity of Gi yi ,..., Yr, @;) implies 
the convexity of F,(e,). 


THEOREM 1.1. If GA yay ,.--) Vir» @;) ts Convex, F(e;) is also convex. 


Proof. The proof is immediate from the definition of convexity. 

It is convenient to be able to use a single-valued function F,(e;) to 
associate with any emissions level its cost. The properties of F,(e;) proved 
above allow us to conclude that any relevant conditions which are satisfied 


‘Three general classes of techniques of emission reduction are available. First, 
emissions can be reduced by reducing the scale of output, or by altering the product 
mix of the firm. Second, the production process or the inputs used, such as fuels, can 
be altered. Finally, “tail-end” cleaning equipment can be installed to remove pollutants 
from effluent streams before they are released into the environment. All three of these 
techniques will commonly be found in combination. 
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by the partial derivative of G,; with respect to e, will be satisfied by the 
derivative of F;. In particular, we can conclude that if the profit- 
maximizing firm has any choice of e;, it will minimize F(e;) subject to 
whatever costs or constraints we impose on it. Moreover, if G; is convex, 
it follows that the conditions under which >’, F,(e;) is minimized are the 
same as the conditions under which the total economic cost to firms of 
emissions control is minimized. 


2. THE CHARACTERIZATION OF AN EFFICIENT EMISSION VECTOR 


The goal of management is limited to bringing about an emission vector 
which will result in air of quality Q* at least total cost to the region. 
Such an emission vector is called efficient, and designated E**. The 
concept of least cost to the community is also given a specific meaning: 
it is the minimum of the sum >, /,(e;). With some risk of ambiguity, this 
sum is called ‘‘joint total cost.” 

To provide a reference to which later results can be compared, a general 
solution for the efficient emission vector can now be derived. The problem 
is to choose the vector E = (e,,...,e,) to minimize >’; F,(e,;) subject to 
the constraints 


1o = and bie Oe 


where QO* > 0, /,; > 0 for all i, 7. We will label this the “total joint cost 
minimum problem.” Our exploration will proceed throughout this article 
on the assumption that G; is convex. This implies that F;,(e,;) is convex, 
and therefore that >’; F,(e;) is also convex. It is also assumed that H is 
semipositive. The typical shape of F,(e,) is illustrated in Fig. 1. 

Minimizing a convex function subject to linear constraints and non- 
negativity constraints is equivalent to finding the saddle point of an 
associated Lagrangean. Formally, (E**, U**) = (ef*,..., ex*, uf*,..., un” 
will be a saddle point of the expression 


= ye File) + ny uj (4,* a » hes) 


o 


with E** > 0, U** > 0. The differential Kuhn—Tucker conditions for 
this saddle point are 
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These conditions are necessary and sufficient [7]. Moreover, it is easy to 
show that the minimum does in fact exist. 


THEOREM 2.1. E** and U** satisfying (2.1) and (2.2) exist. 


Proof. Since SEP, F,(é;) == (i) aun! Se F,(e;) = Dus F(é,), for e; Zz 0, 
>; F,(e,) is bounded from below. By hypothesis, the set 


Y = {E| EH < Q*, E 2 0} 


is not empty. Therefore, 3°; F,(e,) is defined on a nonempty closed set and 
bounded from below; therefore, it attains a minimum over the set Y for 
some element of V. 

If >°; F,(e,) is not strictly convex, then £** need not be unique. Since, 
however, mingey >); F,(e;) is unique, it does not matter what particular 
minimizer is chosen. Therefore, I shall refer to the vector which minimizes 
costs; the reader may interpret this reference as meaning “‘any element of 
the set of E which minimizes °,; F;(e;).”” 

The following theorem is true if 5°; F,(e;) is strictly convex. 


THEOREM 2.2. If E** minimizes >°; F(e;) subject to EH < Q* and 
E > 0, then E** = E. 


Proof. Assume per contra that ex* > @; for some i = i’. Then 
Fy(en*) > Fy(@) and het* > h,éy . Therefore 


BS F,(e7*) ee (ez) = > F,(e7*) (2.3a) 
aft’ t 
and 
\ hye + hye; a ba Wee (2.3b) 
ti’ 7 


By (2.3b) the vector (ef*,..., & ,..., ex*) satisfies EH < Q* and by (2.3a) 
E** does not minimize >”; F,(e,). 


3. MARKETS IN LICENSES 


We can now proceed to the construction of markets which, in equi- 
librium, lead to emission rates which satisfy the conditions of Theorem 2.1. 
A set of licenses are defined, such that the possession of licenses confers 
the right to carry out a certain average rate of emission. 

Consider the function 


AH, > L,), 


642/5/3-7 


The Economics of the Environment 


402 MONTGOMERY 


where /1, is the i-th row of the matrix H and L, = (41 5-++5 Lin). We define 
/;, as the number of licenses of type k held by firm i. This function defines 
the right to emit which is generated by holding a portfolio of licenses ae. 
Then firm / can maximize profits by minimizing direct emission costs plus 
the cost of purchasing licenses, subject to the constraint that emissions 
not exceed A(//; , L,). We assume throughout that some initial allocation 


of licenses /?,., is made. Then the firm’s problem is to minimize 


Fikeaict » Puli TF Px) 
k 


subject to e, = A(H;, L,). 

A market equilibrium will exist if there exist nonnegative prices P* 
such that when e;*, L; solve the firm’s minimization problem for p,*, 
the following market clearing conditions hold: 


ee eee Oe pe [= ‘ie i.)| "0 (3.1a) 
i k i 


That is, there is some set of prices of licenses such that when each firm 
minimizes the sum of the cost of reducing emissions and the net cost of 
buying licenses, excess demand for licenses is nonpositive, and excess 
supply of a license drives its price to zero. 

The market equilibrium is efficient if e;* represents equilibrium 
emissions and in any equilibrium 


_ F(e;") = » Ecce): (3.1b) 


Note that when all licenses are allocated to firms, (3.1a) implies that any 
expenditure on licenses by one firm is a revenue to another firm. Therefore 
total expenditure among all firms, associated with the control of pollution, 
just equals the total cost of emission control. That is, 


¥ [Fae + Y rl — Md] = L Files") + D pe [DO — 0] 
k t k i 


a 


= y F(e;*). 
a 


These three properties do not exhaust the set of desirable properties 
of a market system. It might be that an equilibrium exists, or is efficient, 
only under strong conditions on the initial allocations of licenses which 
can be adopted. The more variation which is possible in the choice of 
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initial allocations, the more freedom the management agency will have 
to pursue such goals as equity of the treatment, subsidization of 
“deserving” industries, and so on. We begin by defining a licensing 
system which has an efficient equilibrium for all distributions of a fixed 
total of licenses. 

Analogously to the distinction between ambient standards and emission 
standards, we must differentiate between emission licenses and pollution 
licenses. Emission licenses are perhaps the most natural to think of 
trading, but there are great problems in using them when quality at many 
locations is a matter of concern. In particular, it is not possible to allow 
the licenses to be traded on a one-for-one basis [12]. 

Suppose there are two sources of pollution and one monitoring point, 
that each source is assigned licenses which allow it to emit 5 units of 
pollutant, and that A,, = 1 and h,, = 2. Under these circumstances, 
there will be 5-1 + 5-2 = 15 units of pollution at the monitoring point. 
The marginal rate of substitution between emissions at source 2 and 
emissions at source | which keeps air quality constant is 2. If licenses 
are exchanged on a one-for-one basis, the transfer of one license from 
firm 1 to firm 2 will result in air quality being degraded to 16 units of 
pollution. If there is a second monitoring point, and /,./h,, ~ 2, the 
marginal rate of substitution between emissions at sources | and 2 will 
change, depending on which monitoring point imposes the operative 
constraint on emissions. By defining rights to cause pollution at each of 
the monitoring points, we can avoid these problems completely, although 
they can be resolved with emission licenses if certain restrictions on trades 
are observed. 


3.1. The Market in Licenses to Pollute 


In this section we establish the existence and efficiency of equilibrium 
in a system cf transferable licenses to pollute. Let /,; represent the quantity 
of licenses allowing pollution at point j held by firm i, and let 


L; = i grees Lim) 


be the “‘portfolio” of licenses held by firm i. The licensing function can 
have the form 


A(H, , L;) = min ais 


> 
Vij 


which implies that each firm faces the constraints 


hye; = li; jj — 1S. m, 
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That is, the relevant element of the diffusion matrix is taken to be a correct 
predictor of the amount which an average rate of emission at point i 
contributes to pollutant concentration at point j. Each firm is allowed to 
have an average rate of emission which produces no more pollution at 
any point than the amount which the firm is licensed to cause at that point. 
The firm will minimize F(e,) + 3) p,(l;; — 12,) subject to the licensing 
constraint. 

In the theorems which follow we use the convention that J; is a scalar, 
a total number of licenses allowing pollution at point j. Thus ©, /,; = |. 
When Ee = (ha a) ands "(yr ES 

The strategy of proof is to define a market equilibrium relative to an 
initial allocation of licenses and to derive necessary and sufficient con- 
ditions for its existence. A subsidiary construction, called a “license- 
constrained joint cost minimum,” is defined and shown to exist. It generates 
a second set of necessary and sufficient conditions. It is shown that the 
emission vector and shadow prices which satisfy the conditions of a 
license-constrained joint cost minimum for given totals of licenses also 
satisfy the conditions of competitive equilibrium relative to any initial 
allocation of licenses in which the given totals are completely distributed 
among firms. An equilibrium license portfolio for each firm is constructed, 
and shadow prices on each firm’s licensing constraints are identified. To 
prove that a competitive equilibrium achieves the joint cost minimum 
defined in Section 2, we show that when license totals equal desired air 
qualities any emission vector and price vector which satisfy the equi- 
librium conditions also satisfy the conditions for efficiency. In the course 
of the proof the efficient emission vector is identified as the equilibrium 
emission vector and shadow prices on the air quality constraints in the 
overall joint cost minimum are identified as the prices of licenses. The 
equilibrium license portfolio has each element just equal to the pollution 
caused by the efficient rate of emission for the corresponding firm. The 
proof itself is rigorous and abstract. 


DEFINITION. A market equilibrium is an » + 2 tuple of vectors 
ie 08.0 and £* = 0 such that L,* and E* minimize 


F(e;) + >» pa (les oe Hy) 
j 


subject to |; — hye; => 0, j = 1,..., m, for all i and which also satisfy the 
market clearing conditions 


yd—m) <0, Yet [Sa - Mm] =0. (3.1a) 
a o) i 
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LemMa 3.1. A market equilibrium exists if and only if there exist vectors 


(us qon0r, ie Z 0 i= Lies n, 
(ies Pant) Zz 0 
such that 


Fi(e;*) + ¥ ughy > 9, e* [Fi ‘(e;*) + 2 uth; i = Owls (323) 
j 
Db, = Up 0, Y Elp,* — ug] = 0, (.2b) 
j 
[i a> NiylpeneeO, » Alcea Nie, Oe 20) 
for all i and . 

TUB) <0, Last [Pd§— 2] =0. G20) 

i j i 


Proof. First we characterize the vectors L;* and e;* which minimize 
cost for the firm. Minimizing a function is equivalent to maximizing its 
negative; and the negative of a convex function is concave. Therefore, 
we can state the problem of the firm as one of maximizing the concave 
function 


sli Gr) es Ys Pi* (lis ae 1;). 
j 
Form the Lagrangean 
bi(liy POU) inn »&3, Uj grees Un) 


= —F,(e,) — » P(g — 13;) 2 Y Ujj(1i3 — hie:). 
j j 


From the Kuhn-Tucker theorem the following conditions are 
necessary and sufficient for the constrained maximum; where 


on Fe BIAS a Un) = OF 
ag;*/de; <0 i* - (0¢,*/0e,) = 0, 
Ob;*/0l;; <0 d Ii; + (84;*/8l) = 0, 


0¢,*/0u;; > 0, >) ui; > (0¢,*/8u;;) = 0. 
: 


Performing the indicated differentiation gives 3.2a to 3.2c which must 
be satisfied for all 7, Equation (3.2d) repeats the market clearing condition. 
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DEFINITION. A license-constrained joint cost minimum is a vector E** 
which minimizes -— 


>. F(e;) 
4 


subject to EH < L®° and E > 0. 

In making this definition we assume that some arbitrary vector of 
licenses L® is issued by the management agency. We must assume that the 
set {E| EH < L° and E > 0} is not empty. Then the same argument used 
in Section 2 to establish the existence of a joint cost minimum will establish 
the existence of a license-constrained minimum. We now can use the 


following Jemma to prove existence of an equilibrium on the pollution 
license market. 


LEMMA 3.2. An emission vector E** is a license-constrained joint cost 
minimum if and only if there exists a vector (ut*,..., ux*) > 0 such that 


Fi(et*) + Yufthy >0,  Yet* [Fi(et*) + Y uf*hy] = 0, G.3a) 
j i j 


1° =S » ees = 0, ay uy” [4 74 yy heer *| = 0. (3.3b) 
t j t 


Proof. The proof is as in Lemma 3.1. 


The market equilibrium will exist for any distribution of licenses such 
that }), > Oand 5,07; = 1). 


THEOREM 3.1. A market equilibrium of the pollution license system 
exists for >; 1}, = 1,°. 

Proof. We proceed constructively by using (3.3a) and (3.3b) to show 
thate, =e, el ge, yp, = 4, and uj=4;" forall rsatisly 
(3.2a)-(3.2d). 


Equation (3.2a). Since F,/(e**) + ¥, uf*hy > 0 for alli, and ef* > 0, 
it follows from 


Sy Cie [Fei +) ut *hy| = 0 
i b 
that 


ef* [Fi(ef*) + Yu} *hy] = 0 
j 


for all i. Therefore, ef* and uj* satisfy 3.2a for all i. 
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Equation (3.2b). If p;* = ux** and uk = uX*, p;* — uf, = 0 for all’ 
and j, and (3.2b) is satisfied by any /} . 


Equation (3.2c). If I& = h,eX* for all i and j, clearly /* and e#** satisfy 
(3.2c) for any v* , and in particular for u}*. 

Equation (3.2d). Let 3/3 = 1° and J = h,,e**. Then, (3.3b) gives 
by substitution 


ead, 80d ty ada Bien [> hare ts ti 
i i ; ‘ 


Therefore, p;* = ux* and Jj; satisfy (3.2d). 

Thus we conclude that for any choice of license totals which imply 
a feasible air quality vector, a market equilibrium exists. If we choose the 
license totals correctly, we can show that any market equilibrium is a joint 
cost minimum. The joint cost minimum was defined in Section 2 as a 
vector E** which minimizes >; F,(e;) subject to EH < Q* and E > 0. 
First we prove that any emission vector which results from a market 
equilibrium with >; /, = 1° minimizes ),; F,(e;) subject to EH < L® and 
Ee 0. 


THEOREM 3.2. Any emission vector which satisfies the conditions of a 
market equilibrium with ¥*\; L,° = L® is a license-constrained joint cost 
minimum, 


Proof. We show that any e;* which satisfies (3.2a)-(3.2d) satisfies 
(3.3a) and (3.3b) with u** = p;*. 


Equation (3.3a). By (3.2b), either uf = p,;* or 1 = 0. By (3.2c), 
li, > hye,;*; therefore, whenever p;* Aus, J = 0, and it follows 
that e;* = 0, or h,;; = 0. Whenever h;; = 0, p;*h;; = uj<h,; = 0. Therefore, 
e;*[F,(e;*) + %; pi*h,j] = 0 holds whether or not p,* = ux . 

Since uj, < py*, Dy ubhis < Dy ps*hy and F;'(e;*) + Y; u*h,; > 0 imply 
F,'(e;*) + ¥; p;*hi > 0. Therefore, e;* and p,* satisfy the inequality in 
(3.3a). 


Equation (3.3b). Since >); /?, = 1°, (3.2d) implies that 1° = >, 1 > 
Dif. Since, by (3.2c), if — hye;* 20, O18 — ¥ hye* SO. If 
i9>dil%, then it must be true that ]° —¥;hje,;* >0O and the 
inequality in (3.3b) is satisfied by e,*. 

Substitute /° for >); /% in (3.2d) giving >; p;*[/,° — Y; /*] = 0. If 
lj; = hye;* for all i and all j, clearly >; p;*[° — +; h,e,*] = 0. Assume 
that /§ — h,e;* > 0 for some i and j. Then, by (3.2c), vip Ol pres 0, 
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(3.2b) implies that /; = 0 for that i and j, and since /* > h,je,* for that i 
and j, e;* must be negative. Since this is impossible, we must have either 
If = hye;* for all i or p,;* = 0; and the alternative holds for each ua 
Therefore, 


p;* [> hyer™ = 1)| = 0, 


and p,*, e,;* satisfy (3.3b). 

Thus, if we take the totals of each type of license distributed to firms 
we will find that firms exchange licenses so as to minimize joint total 
cost subject to the constraint that concentrations of pollutants at each 
monitoring point be no greater than the total of licenses issued for that 
point. The following corollary is immediate. 


CoROLLARY. If L° = Q*, the equilibrium emission vector is a joint 
cost minimum, 


Proof. If L° = Q*, by Theorem 3.2 an equilibrium emission vector 
minimizes 5°, F,(e;) subject to FH < Q* and E > 0. 

Theorem 3.1 can now be restated as “‘an efficient emission vector can be 
achieved as a competitive equilibrium’? and 3.2 as “‘any competitive 
equilibrium with appropriate license distribution achieves an efficient 
vector.”” We can also prove an interesting theorem on the initial allocation 
of licenses. 


THEOREM 3.3. If 1}, 2 0 and >, 1}, = q;*, then E*, P*, and L,* are 
independent of L,°. 


Proof. Equations (3.2a)-(3.2c) depend in no way on L,°. In (3.2d) 
L,° appears, but only in the form of the sum }’; L,°. 

This result is somewhat unusual, in that the particular equilibrium 
achieved in a system usually depends on the initial allocations. The 
reason that this system is independent of the initial allocation is that the 
firm’s behavior is independent of its asset position. Any redistribution 
which preserves totals of each type of license does not change the equi- 
librium. A graphical depiction of the equilibrium of the firm when a 
system of pollution licenses is imposed reveals the independence of initial 
allocations. The equilibrium is depicted in Fig. 1. 

In the course of proving Theorem 3.1 it was noted that 
pi*(hye:* — 1) = 0, so that Y; p;*(hizes* — 175) = 0. Any emission level 
chosen by the firm implies that the firm purchases certain quantities of 
licenses, so that we can associate with any emission rate a cost equal to 
yp; *hye;*. The minimization of cost (of emission control plus net 
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purchases of licenses) can then be represented as the minimization of the 
sum F,(e;) -+ Dy Miz ps*e; - The emission rate e,* in Fig. 1 is the minimizer 
of this sum. Theorem 3.1 states that there exist prices which clear markets 
for licenses when each firm chooses license holdings, and emission rates e;*, 
to minimize cost. 


COST 


Fic. 1. A—F((e;) + Xs pshes ; B—Z; pies 3 C—F(ei) + Xs phases — Xs Bilis 3 
D=F (6); Edy pil, « 


The initial allocation of licenses is equivalent to a lump sum subsidy, 
and is independent of emission level. Therefore, this subsidy can be 
represented as a horizontal line, >’; p;*/?;, in Fig. 1. The curve 
Fe) + 5 ps*hye; — X; ps*l?; is the net cost function which represents 
the actual cost of emission control and licenses. Note that e;* is inde- 
pendent of the size of the subsidy. Because of this result, the management 
agency can distribute licenses as it pleases. Considerations of equity, of 
administrative convenience, or of political expediency can determine the 
allocation. The same efficient equilibrium will be achieved. 

It should, however, be noted that in assuming the convexity of F;(e;) 
we impose certain conditions relating to nonnegative profits. Let a; be the 
(maximal) profit earned before the introduction of a licensing system, 
and let 7,(e;) be the profit earned when emissions are set at rate e; . Then 
by (J.1) we have 7,(e,) = 7, — F,(e;). In the long run the firm will only 
stay in business if 7,(e,) > 0. In this case the cost function will have the 
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form F,(e;) = min(7, — 7,(e;), 7,). An upper bound, equal to 7,, is 
placed on costs incurred by the firm. This upper bound destroys the 
convexity of the cost function unless F,(0) < 7,. Such an assumption is 
implicit in the assumption that F,(e;) is convex. 

It would appear that the need to purchase licenses imposes a cost on 
the firm additional to the cost of emission control /,(e;). Even though this 
cost sums to zero for all firms taken together, it may be positive for some 
individual firms and negative for others. Fortunately, we can prove the 
following theorem, namely, that if FO) < 7,;, then even if a firm is 
allocated no licences initially (i.e., /?, = 0 for some i and all /), it can still 
earn nonnegative profits at any levels of emissions and license holding. 

THEOREM 3.4. If FO) < 7; , F(e;*) + Yi pytlh < 7; . 


Le] 


Proof. We have proved that 
F(e,*) + oh p3*lis = F,(e,*) + a Ps hier”. 
5] j 


If F(e;*) + ¥; p;*hye;* > a;,, then F,e;*) + >; p;*h,e:;* > FO). But 
e; = Oand /,; = 0 satisfy e; < A(H;, L,), so that e;* does not minimize 
cost subject to the licensing constraint. This contradiction establishes 
the theorem. 

This demonstration completes the discussion of pollution licenses. We 
began by showing that for any vector of licenses L® which implies feasible 
concentration levels at each monitoring point there exists a competitive 
equilibrium in the license market. We then showed that the concentrations 
which result from the equilibrium will be less than or equal to the levels 
permitted by the vector of licenses and that joint total costs are minimized 
subject to this constraint. Finally we showed that when L® = Q*, the 
problem of achieving desired air quality standards at minimum cost is 
solved by the market in pollution licenses. 

The major generalization provided by this theorem is that it establishes 
the possibility of achieving environmental goals at a number of geographic 
points while maintaining the advantages of a market system. Thus one 
important objection to the use of economic incentives, that they could lead 
to change in the pattern of emissions such that although air quality 
improvements at one point are achieved, it is at the expense of deteriorating 
air quality elsewhere, is laid to rest. Moreover, we discovered that the 
fixed totals could be allocated arbitrarily among firms. 

Overall convexity and the possibility, for each firm, of absorbing all 
costs of abatement in profits were assumptions necessary for the operation 
of the system when no information on cost functions is available. 
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We turn now to an alternative licensing system. It will turn out that 
this system of emission licenses is interesting because it provides a means 
of linking up the proposal to issue transferable licenses with other 
proposals for achieving efficient solutions in a decentralized manner. 


3.2. The Market in Emission Licenses 


The effluent charge is a tax which a firm must pay on each unit of 
pollutant which it emits into a water course. A corresponding charge for 
air pollution control might be called an emission charge. In order to 
calculate a charge which will lead to efficiency in air pollution control, 
the manager must solve in advance the overall cost-minimization problem. 
It is not difficult to show that the correct tax on emission by firm / is equal 
to the shadow price on its emissions determined by the minimization of 
joint total cost. The tax is )); u;*/;; , where u;* is the value of the Lagrange 
multiplier on the j-th quality constraint evaluated at the optimum. But 
in order to calculate such a tax the manager must know the cost functions 
of each firm. It is, of course, possible to obtain that information in an 
iterative process by varying the tax. This is a cumbersome and politically 
unattractive procedure, and it has been shown by Marglin [10] that the 
information transferred to the regulatory authority by such a procedure 
is as great as the information needed to set quantity standards for each 
firm. That is, whenever it is possible to calculate the correct tax it is 
possible to achieve £** in the initial allocation. 

A licensing scheme does not require such prior or iterative gathering of 
information. The market makes the necessary calculations independently 
in the course of reaching equilibrium. For this reason we are led to consider 
licensing schemes as superior to taxation. The natural correlate of emission 
charges is a system of emission licenses. 

An emission license confers on the firm holding it the right to emit 
pollutants at a certain rate. It is not always desirable to allow such rights 
to be transferred on a one-for-one basis: the desirable rule governing 
exchange of emission rights is that a firm may be allowed to emit up to a 
level which causes pollution equal to that which would be caused if each 
firm from which it obtained rights emitted to the maximum extent 
permitted by the rights which it has given up. We must differentiate rights 
to emit by the location at which they permit emissions to take place. Then 
l,,k = 1,..., n, is a quantity of licenses to emit at location k. It is sufficient 
to allow & to run over the set of firms / since each firm is in a fixed location. 
Let /;, represent the quantity of licenses allowing emissions at location k 
held by firm i. 

If the exchange of such licenses between polluters at different locations 
is to be permitted, some rule must be stated regarding the right to emit 
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which a license to emit at location k confers on a firm at location i. 
Consider a firm i which emits at a rate e, = Ay;lj,/hj; . Then the pollution 
which firm i causes at point j is precisely the pollution which firm k would 
cause if it emitted at the rate e, = 1,,, since hiss = hyzliy = hye, . The 
licensing function can have the form 


A(H;, £;) = min (x Iaslesllis), 


which implies that each firm faces the constraints 


Nyse; S oy husler J rs Peas, m, 
Ik 


and will minimize 


Aes) Y Pe(lix r= Tix) 
k 


subject to those constraints. 

A restriction on the initial allocation of licenses is needed if the market 
equilibrium with emission licenses is to be efficient. It is that )°; 13, > 0 
and >, Ay; >; = 9;* for all 7. Note that this assumption is equivalent 
to the assumption that there exists a nonnegative emission vector E°® such 
that 

Eo. H = Q*. 


This is quite a strong condition, since even if the matrix /Z is of full rank, 
for arbitrary semipositive H and Q* the equations 


Eo ==-O* 


will not in general have nonnegative solutions. 

If Dy Ags. <q;* for some j it may not be possible to achieve the 
minimum of joint total cost without prior knowledge of cost functions. 
Suppose that the joint cost minimum vector E** satisfies 


ok 8 
de hyer” = 9 
i 


for some j, and that >, /ysl.° <9;* for the same j. Then since the 
equilibrium emission vector E* satisfies 


‘> hyes* << be Nygl,?, 
a k 
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it follows that 

ve hje;* <ag ye Hee, 

4 z 
and e;* ~ e**, so that the market equilibrium is inefficient. 


Derinition. A market equilibrium in emission licenses is an n + 2- 
tuple of vectors L;* > 0, E* >0 and P* > 0 such that L;* and E* 


minimizes 
Fie DY Pe “(lit — I 
k 
subject to 
d hyslix — hye; 2 O fa lea 
and 


e; = 0; lin 2 O 


for all i and which also satisfy the market clearing conditions 
Dik — Mh) <0, Lre* [Uk = My] = 0. 


LemMMA 3.3. A market equilibrium exists if there exist vectors 


(eth ees O ee eee (3.4) 
(pie, Pat) = 0, ; 


such that 


F,'(e;*) + ¥. uxhy > 0, e,* [A(e*) soy uihas| =0, (3.5a) 
j j 


~Lwing 0 Y [tte (r* — a) , (3.5b) 


k 
Dhl Ee ame ANd Ys [ui (x ysl — hies*)| =0, (3.5c) 
y j 
for alli and 


Y is = Ih) <0, > pe* [ZU — RO] = 0. G.5d) 
k i 


Proof. The proof is as in Lemma 3.1. 
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THEOREM 3.5, A market equilibrium in emission licenses exists. 


Proof. In Theorem 2.2 it was shown that an emission vector minimizing 
joint total costs subject to the air quality constraints exists, and that in 
consequence £** and U** satisfying (2.1) and (2.2) exist. Let licenses be 
issued initially so that 


ye Mes a Tin = 95" 
k a 


for all j. Then we show that E** is an emission vector and U** a price 
vector satisfying (3.5a)-(3.5d). 
We begin by proving the following proposition: 


Pile Uf Seiediecee Dialing. ,. then there exist. 17 such that > Ut le, 
ie a= 0; and Sy Wylie Shige; for all and k.. Letting Ly = (ln 5.--y lin) 
and H, be the i-th row of the matrix H we may write the inequalities which 
must have a nonnegative solution in matrix form as 


—H 1 
Does aed bites =. el dH er ee — nen ee), 
he HL 


It is a theorem [3] that either these inequalities or the following inequalities 
have a nonnegative solution: 


i ] Mn 
oe, : ¥, ZU, (1) 
—HIN) y" 
“¢ 
Sea chr etude. Al) a a0. (2) 
Xn41 


We can write (1) as 


m 
= Y Igxy + Xn 20) = I,..., 1) 


j=l 


mm 
—- be NhisXnj -+- Xnali = 0 (i —- LS; n) 
j=l 
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and (2) as 
— YD huertxy + YAP xan < 0. 
i=1 j=l i 


We assume that there do exist nonnegative solutions denoted with 
superscript 0’s to (1) and (2). Let us multiply each line of (1) through by /,° 


and sum the result over i, giving 


ata 2 + hil? Nj oF dH Xn41i = 0 
=1 i=l 
for all k. 
Comparing this inequality with (2) we find 
sei ys be es Sa plialiage 
i=1 j=1 i=1 j=l 


Since }°; hye;* < ¥; Ayl® by hypothesis, 


= Yb) Nal: > ees tees 
j i j i 


and 
m n 
0 
ms ) hiya" Xing 


= - YY hyes*xts < 
inj jek 


7=1 j=1 


for all k. We remove the minus signs and reverse the inequality, giving 


> e;* } hisX's = >» e,* ‘. NisXs 
i j i j 


for all k. Therefore it must be true for some i that 
2 hyxiy > ys hasXny 
j j 
for all k. Therefore, it must be true for k = i, which implies 


0 0 0 
i Dakin a hax = a NinXin . 


Oo 
haxXn -+- eee a 


This contradiction establishes that there is no nonnegative solution to 
inequalities (1) and (2) and P.1 is proved. 


The Economics of the Environment 209 


416 MONTGOMERY 

We can now proceed line by line to show that E** and U** satisfying 
(2.1) and (2.2) also satisfy (3.5a)—(3.5d). 

Equation (3.5a). From (2.1), ef* and u** satisfy (3.5a) for all i. 


Equation (3.5b). Let p,* = Sy uf*lyy and uf = u¥* for all i. Then 
they satisfy (3.5b) since p,* — Yj ush,; = 0 for all i and k. 


Equation (3.5c). Let )'p Ans D4 Uf, = Gy*. Then by (2.2), 
0< Vy VM — Y hyer*, 
k t t 
and by P.1 there exist /% > 0 such that 


Se IE and Yiulhs = hyel® 2.0 
i i k 


for all 7. If > holds for some i and j, 
Dee ee) ily 2) Wis Stee polite 
k i k 4 a 


and w** = 0. Therefore, (3.5c) is satisfied with uj, = uj*. 


Equation (3.5d). If ©; 1, > I for some k and h,; > 0, 
Ge = Ing lie Yoh Vole ey, hats 
i F k i i 


and uj* = 0 for all j. If h,; = 0 for that k and some j, then for the 
corresponding j, ui*h,; = 0. In either case py* = Y', ujf*hys = 0 and 
(3.5d) is satisfied. 

We reverse the direction of inference to prove that if }°; A,,/,° = q;*, 
the competitive equilibrium emission vector is efficient. We assume in 
addition that the rank of H is m: this involves no significant loss of 
generality since any constraint matrix can be made to satisfy the condition 
by striking out redundant constraints. The operation of eliminating 
redundant constraints does not change the set Y of emission vectors 
which satisfy the constraints. 


THEOREM 3.6. If Dx lysh® = qy*, E* minimizes 3); F(e;) subject to 
Eide OF 1 ES 0. 


Proof. First we note that in proving Theorem 3.4 we established that 
(3.5a)-(3.5d) are satisfied, for all i, by uf, = uf*, and that the rank of 7 
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equals m. Therefore, the matrix of partial derivatives of the licensing 
constraints for each firm also has rank m, and the multipliers on those 
constraints are unique [4]. Since the Kuhn-Tucker conditions are satisfied 
by identical multipliers for each firm, they are only satisfied by identical 
multipliers. Let «** be equal to any of the 7 , identical for all 7. Then, 


Equation (2.1). e;* and w** as defined satisfy (2.1) whenever they 
satisfy (3.5a). 


Equation (2.2). By (3.5d) 


uF We Zz ye te > and qi" ae by Nyy a Ie Zz > ys e lit ° 
d a k a 


k i 
By (3.5c) 


SY hyy y be = yi hie: 


k 7 t 


Therefore 9;* = 3°; hye;* = OL IE gt > > Aze,*, either 3, 
for some k with h,, 4 0, or )y Ayjl4, > hjje;* for some i and that j. If the 
latter, u* = O and u** = 0. If the former, p,* = 0 and since by (3.5b) 
Pu*® — Dy ubhys SO, Dy ushys = 0 and ux = 0, so that uf* = 0. Therefore, 
uk*(g;* — >; hyei*) = 0 when ux* = uf. 

This completes the proof that a competitive equilibrium, satisfying the 
conditions of joint cost minimization, exists in the market for emission 
licenses. An integral part of the proof was the assumption that the total 
of each type of license is determined by solving the equations 


yeah? = 95*. 
k 


If the management agency is restricted to assigning all licenses of type i 
which it issues to firm j, then its ability to redistribute costs will be severely 
limited by the necessity of choosing /,° to satisfy the air quality constraints 
with equality if indeed such a solution exists in the problem at hand. 
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Transferable Discharge Permits and the 
Control of Stationary Source Air Pollution: 
A Survey and Synthesis 


Thomas H. Tietenberg 


I. INTRODUCTION ~ 


Background 


Recently, in the United States, there 
has been an increasing interest in the use 
of economic incentives to achieve envi- 
ronmental quality goals, particularly for 
air pollution.! Though there are a range 
of such possible economic incentives 
two have received the most analytical 
attention—effluent or emission charges 
and transferable discharge permits. In 
this paper attention is focused on the lat- 
ter approach.? 

Although the central concept involved 
can be traced at least back to Alfred Mar- 
shall and Henry George, it seems fair to 
attribute much of the revival of interest to 
Dales (1968a; 19685) for water and 
Crocker (1966) for air. The concept is a 
disarmingly simple and powerful one. Its 
intellectual genesis is to be found in the 
realization that the behavioral sources of 
the pollution problem could be traced to 
an ill-defined set of property rights. The 
right to discharge pollutants had histori- 
cally, in the absence of government 
intervention, been allocated at a zero 
price to all potential users. While this al- 
location process can be cost justified 
when the costs of controlling pollution 
(including the administrative and en- 
forcement costs) exceed the costs of 
pollution damage incurred by the ab- 
sence of control, it cannot be justified 


when the level of pollution damage indi- 
cates that some form of control is appro- 
priate. One natural outcome of using this 
perspective to characterize the nature of 
the pollution problem is that it suggests a 
particular policy approach—the estab- 
lishment of a correctly defined night to 
discharge. 

The current appeal of this concept for 
air pollution in the United States is based 
upon several considerations. First, and 
probably foremost, is the realization that 
a movement from the current purely reg- 
ulatory system of control to a system 
based on transferable discharge permits 
promises the potential for achieving a 
better quality of air than currently en- 
joyed with a substantially lower com- 
mitment of resources to pollution con- 
trol. Secondly, for air pollution, the 
transferable discharge permit (henceforth 
TDP) system would be compatible with 


Professor Tietenberg is with the Department of Eco- 
nomics at Colby College, Waterville, Maine. The author 
wishes to acknowledge the benefit of helpful comments 
from Barbara Ingle, William Baumol, Scott Atkinson, 
Cliff Russell and two anonymous referees as well as to 
acknowledge the research assistance provided by Alison 
Jones and Cynthia Keating. An earlier version of this 
paper was delivered at the International Institute for En- 
vironment and Society, Berlin, West Germany in Sep- 
tember, 1979. 

* See, for example, the examples provided in Yandle 
(1978). 

* This approach is characterized by a variety of differ- 
ent names. The policy instrument has been referred to as 
a marketable emission permit, a pollution right and a 
trensferable discharge permit. I have chosen in this paper 
to use the last of these exclusively. 
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the existing legislation. It would repre- 
sent a modification of, rather than a 
radical departure from, the current regu- 
latory approach. In addition, the trans- 
ferable discharge permit system is ad- 
ministratively flexible, yet feasible. It 
avoids many of the most costly rigidities 
in the current approach and, yet, the im- 
plementation requirements are realistic. 
Finally, unlike the current system the 
TDP system provides an incentive for 
emitters to adopt new control techniques 
which can clean up more emissions at 
lower cost (since they can sell the result- 
ing excess permits), which in turn stimu- 
lates the development of these tech- 
niques. 


The Policy Context 


Although the existing regulatory ap- 
proach to air pollution control is exceed- 
ingly complex, it is possible to capture 
briefly the essence both of the basic ap- 
proach and the recent reforms which 
have moved it further in the direction of 
an increasing reliance on economic in- 
centives. This synopsis can then serve as 
a point of departure and benchmark for 
the discussion of the possibilities for 
moving toward a less restrictive transfer- 
able discharge permit system. 

The existing system of air poliution 
control relies on ambient standards (or 
concentration targets) defined by the En- 
vironmental Protection Agency (EPA) 

“and implementation plans submitted by 
the states (SIPs) to detail the procedures 
by which the states intend to meet those 
standards.? In addition, for several 
classes of new and modified polluting 
sources, the EPA has issued emission 
standards directly.* 

This basic approach does little to con- 
trol the degradation of the air quality in 
regions where the air is cleaner than the 
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ambient standards. Therefore, prodded 
initially by a court suit® and, sub- 
sequently, the amendments to the Clean 
Air Act of 19776 the EPA moved to define 
a policy (referred to as the PSD policy) to 
prevent the significant deterioration of 
the air in areas not currently in violation 
of the air quality standards. The ap- 
proach taken was to designate allowable 
pollution increments and ceilings (either 
of which could serve as the binding con- 
straint) for three separate types of re- 
gional classifications. Those increments 
are currently allocated on a first come, 
first served basis although a market ap- 
proach, such as discussed in this paper, 
is clearly an option for the future. 

The other two major reforms which 
have taken place recently and which 
have the effect of moving current policy 
closer to a market approach are the alter- 
native emission reduction approach? 
(known popularly as the ‘“‘bubble’’ con- 
cept) and the emissions offset policy® 
applied to nonattainment areas® and to 
certain sources in attainment areas if they 
could be expected to contribute pollution 
to nonattainment areas’ or to cause an 
attainment area to exceed the standard." 


3 The procedures to be followed by states are detailed 
in 40 CFR 51 and the EPA approval procedures are 
spelled out in 40 CFR S52. 

4 See 40 CFR 60 for criteria pollutants and 40 CFR 61 
for hazardous pollutants. 

5 Sierra Club v. Ruckelshaus, 334 Supp. 253 (DDC 
1972) which was later affirmed by the Supreme Court, 412 
U.S. 541. 

6 9] Stat 731. The details of the policy can be found in 
40 CFR 51.24 and 40 CFR 52.21. Proposed amendments 
to that policy resulting from a successful court suit against 
EPA (Alabama Power Company v. Costle, 13 ERC 1225) 
are located in 44 FR 41924 (5 September 1979). 

7 See 44 FR 71780 (11 December 1979). 

8 See 40 CFR 51 Appendix S, originally presented in 
44 FR 3274 (16 January 1979). 

® Nonattainment areas are designated geographic 
areas which have not yet attained air as clean as required 
by the ambient standards. See 40 CFR 81.300 et seq. 

© See 44 FR 3283, §IIE (16 January 1979). 

" See 44 FR 3884, §III (18 January 1979). 
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The ‘‘bubble’’ concept specifically allows 
existing emitters to propose modifica- 
tions of their emission standards based 
on the substitution of a more relaxed de- 
gree of control for one source for a more 
stringent degree of control of another 
source of the same pollutant. These sub- 
stitutions can, under certain circum- 
stances, occur between plants or even 
between firms. This design feature car- 
ries the bubble policy a long way toward 
a fully transferable permit system. The 
object, of course, is to allow a firm to 
meet its emission reduction goal as flexi- 
bly and cheaply as possible while insur- 
ing that air quality is not degraded by the 
substitution. This concept replaced an 
established procedure based upon the 
levying of a separate emission standard 
on each source. Both the business com- 
munity”? and EPA™ expect the costs of 
pollution control to be considerably re- 
duced by this method. 

The emission offset policy was origi- 
nally designed as a means for allowing 
economic growth in nonattainment areas 
while insuring no further degradation of 
their air quality. It allows potential new 
entrants to a nonattainment area to pro- 
cure sufficient reductions from existing 
firms (over and above their previous legal 
requirements) so as to offset the in- 
creases in pollution which would other- 
wise occur upon their initiation of 
production in the area without the com- 
pensating reduction. The significance of 
this program ts that it allows the transfer 
of emission reductions from existing 
sources to new sources, whereas the 
bubble concept allows transfers only 
among existing emitters. 

These reforms are important because 
they introduce into the basic system two 
additional degrees of transferability that 
can serve to reduce the costs of com- 
pliance significantly. They both allow 
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limited interfirm transfers, to be ap- 
proved on a case by case basis as long as 
total emissions do not increase and air 
quality is not adversely affected. In addi- 
tion, the bubble concept allows an exist- 
ing emitter to actually exceed the SIP 
emission standards for some of its 
sources as long as it compensates with 
sufficient emission reductions from the 
other sources in the plant. Thus, the 
bubble concept establishes the very im- 
portant principle (for existing sources, 
but not for new sources) that the SIP 
standards are not inviolable, a principle 
which expands the set of trading pos- 
sibilities (and, hence, the cost reduction 
possibilities) considerably. 

The key difference between the exist- 
ing system and a TDP system with full 
transferability lies in the fact that in the 
latter the control authority allows all 
sources to participate in the trades and 
allows all emission reductions to be 
traded in a regularized market. In con- 
trast the bubble and offset policies have 
restrictions on what emission reductions 
can be traded (e.g., only those additional 
reductions above the standard in the 
offset policy) and on what sources can 
participate in trades (e.g., only existing 
sources in areas demonstrating attain- 
ment in the bubble policy). 


An Overview of the Paper 


On a purely ideological level the move 
to this more general system is clearly 
merited. On a more pragmatic level, 
however, the implementation of an unre- 
stricted TDP market faces a number of 
technical, legal and administrative chal- 
lenges. 

The purpose of this paper is to exam- 
ine the prospects for moving toward this 


See Nulty (1979). 
3 40 CFR 71780. 
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less restrictive TDP system by surveying 
and synthesizing the most prominent 
published English language literature on 
the subject. While the focus will be on air 
pollution the relevant water pollution lit- 
erature will be included insofar as it 
yields insights which are pertinent to 
controlling air pollution. The objective is 
to draw together what is known and is 
not Known about this form of control and 
to assess the implications of this research 
for the design of an operating TDP mar- 
ket. 

The paper opens with a discussion of 
design criteria and the implications of 
these criteria for the design of the permit 
itself and for the design of the market 
within which the TDPs can be trans- 
ferred. This is followed by a brief survey 
of the requirements for such a system to 
be enforceable. The final section briefly 
surveys the rather sparse literature deal- 
ing with simulations of hypothetical TDP 
markets. 


Il. ENVIRONMENTAL GOALS AND 
DESIGN CF THE MARKET 


Rudiments of a TDP Approach 


The current regulatery approach to air 
pollution control involves the specifica- 
tion of emission standards for each 
emitter. Any emissions above these 
standards are in noncompliance and 
therefore the responsible emitter is sub- 
ject to some kind of sanction. The prob- 
lem with this approach is that there is no 
guarantee that the particular allocation of 
emission standards chosen by the control 
authority will achieve the air pollution 
goals at anything approaching minimum 
cost. Indeed much available empirical 
evidence suggests that the typical alloca- 
tions are significantly more expensive 
than the minimum cost allocation." 
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The bubble concept and the offset 
strategies are partial responses to this 
deficiency, but they fall somewhat short 
of a marketable permit system. They rely 
on a case by case approach to transfera- 
bility and impose severe restrictions on 
the conditions under which transfers can 
take place. In essence they are the ad- 
ministratively easiest modifications to 
make from the current system but the 
existing restrictions on trades prevent the 
system from approaching a minimum 
cost system. 

The transferable discharge permit 
system responds to these deficiencies in 
the current system by establishing a reg- 
ular market for discharge permits with 
few restrictions on transferability. This 
approach is both legally and_philo- 
sophically compatible with the existing 
legislative framework. The allocation 
problem is handled by the remarkably 
simple device of making the emission 
standards (legitimized by the discharge 
permit) completely transferable. In this 
way those emitters facing very steep 
control costs can purchase permits from 
emitters having less costly options, 
thereby subsidizing the more intensive 
control of their own emissions by these 
low cost emitters. Remarkably, as the 
discussion of the literature below reveals, 
under competitive conditions the reallo- 
cation of permits which takes place by 
virtue of making them transferable can 
cause substantial reductions in the 
amount of resources committed to pollu- 
tion control while meeting the air quality 
standards. 


Specifying the Objective 


The first step in designing a less re- 
strictive TDP system is specifying the 


4 See, for example, the studies cited in Kneese (1977, 
pp. 195-202), Atkinson and Lewis (1974), and Anderson 
et al. (1979). 
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objective the system is supposed to ac- 
complish. There are two objectives 
commonly discussed in the economics 
literature—efficiency and_ cost-effec- 
tiveness. 

Ignoring implementation costs the effi- 
ciency criterion clearly dominates. Intui- 
tively, the efficient allocation balances, at 
the margin, the damage cost incurred 
from remaining uncontrolled pollution 
with the costs of avoiding the damage. It 
is the allocation which minimizes the sum 
of damage costs and avoidance costs.’® 

The problem with this objective from a 
policy point of view is that it is difficuit to 
achieve. For the control authority to 
achieve this objective it would have to 
know the control costs and the damage 
costs associated with each emitter. Given 
the large number of emitters that is a tall 
order and one not likely to be fulfilled. 
Various conceptual schemes are cur- 
rently being developed to overcome 
some of the theoretical hurdles for (exam- 
ple, the public good problems associated 
with the incorrect revelation of prefer- 
ences) but at this stage it seems clear that 
these schemes are not yet sufficiently de- 
veloped to permit them to be used as a 
basis for policy.'® 

For these pragmatic reasons there has 
been a reluctant acceptance of a cost- 
effectiveness criterion.'” This criterion is 
based upon a dichotomization of the 
control problem—the specification of a 
policy target and the establishment of a 
system to assure that target is met. 
Cost-effectiveness deals only with the 
second component. It provides no guid- 
ance for choosing the appropriate policy 
target or the appropriate level of that 
target, but it provides a good deal of 
guidance in selecting among the various 
ways of meeting that target. It suggests 
that the ‘‘best’’ allocation is the one 
which achieves the target at minimum 
cost. If the target happens to be efficient, 
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then a cost-effective allocation will also 
be efficient. There is nothing in the cost- 
effectiveness criterion, however, which 
would guarantee that result. 


Choice of Policy Targets 


The key to applying the cost-effec- 
tiveness criterion involves choosing the 
target which is to be met at minimum 
cost. Two candidate targets have re- 
ceived prominence in the literature, 
either explicitly or implicitly. The first, an 
aggregate emissions target, focuses on 
the total weight of emissions placed into 
the receiving medium (air or water) in a 
particular geographic area during some 
period of time. The aggregate emissions 
cost-effectiveness (ECE) criterion envi- 
sions the establishment of some legal 
ceiling (the standard) on the allowable 
weight of emissions and then allocating 
the responsibility for meeting that stan- 
dard among the emitters in such a fashion 
as to cause it to be met with the smallest 
possible commitment of control re- 
sources. The chief virtue of this criterion 
is its administrative simplicity. It is rela- 
tively easy to monitor and the contri- 
bution of each emitter to the policy target 
is not difficult to define. 

This policy target also has a substantial 
disadvantage for local pollutants—it is 
not uniquely related to the level of dam- 
ages caused.'® The reason is quite clear. 
For local pollutants the damage they 
cause Is related to their ground level con- 
centration in the air. Their concentration, 


‘S A formal mathematical characterization of this allo- 
cation in the context of a general equilibrium model can 
be found in Tietenberg (1973b). 

‘6 See, for example, Bohm (1972), Clarke (1971), 
Randall et al. (1974), Scherr and Babb (1975), and Barnett 
and Yandle (1973). 

‘’ See, for example, Baumol and Oates (1975). 

'* Local pollutants can be contrasted with global pol- 
lutants for which the damage depends solely on the 
aggregate volume of residuals emitted. For a discussion of 
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in turn, is based upon the proximity of 
the emitters to each other, and the pro- 
cess of accumulation within the envi- 
ronmental medium, as well as upon the 
amount emitted. Thus while the aggre- 
gate level of emissions is important, 
many other factors are as well. 

To compensate for these problems a 
second policy target, the ambient stan- 
dard, has emerged and it is this target 
which is mandated by the Clean Air Act. 
The ambient standard represents a tar- 
get concentration level measured at a 
specific location for specific averaging 
times (for example, one hour, daily, an- 
nually). This standard has the virtue that it 
is closely related to damage caused, but it 
has the disadvantage that the relationship 
of each emitter to this standard is no 
longer as clear cut. Because this target 
involves a threshold concentration level, 
if each emitter in an area were to 
hypothetically and sequentially reduce its 
emission rate by a constant amount, the 
effect on air quality in those areas where 
the thresholds have been exceeded 
would be much more dramatic for some 
emitters than for others. The contribution 
of any single emitter to air quality at a 
particular receptor location depends 
upon the location of the emitter vis a vis 
the monitoring site, and the flow charac- 
teristics of the environmental medium 
between the monitoring site and the 
emission site, as well as upon the level of 
emissions. The ambient cost effective- 
ness (ACE) criterion requires that the re- 
sponsibility for cutting back emissions 
be allocated among emitters so as to 
minimize the cost of meeting the ambient 
standard as measured at specific moni- 
toring stations.!® 


Geographic Extent of the Market 


Geographic considerations enter the 
design of a TDP system in two main 
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ways: the geographic domain of the pol- 
icy targets and the area of applicability of 
the permits.” The most natural domain 
for the policy targets is the local airshed 
while the most desirable area of applica- 
bility for the permits includes all territory 
with emitters contributing pollutants to 
that airshed. 

Unfortunately, a local airshed is rarely 
a well-defined physical entity. Any sub- 
planet partitioning of the air space must 
be plagued by a certain degree of arbi- 
trariness. Yet it is equally clear that some 
local partitioning is absolutely necessary. 
To illustrate this consider what would 
happen if the aggregate emissions target 
were defined on a national domain. Per- 
mits would then be issued or sold to 
emitters. Since there are no geographic 
constraints, it is quite possible that a dis- 
proportionate share of those permits 
might end up in urban areas (e.g., Los 
Angeles) with particularly harsh existing 
pollution problems. This would cause the 
damage in these areas to be unacceptably 
high. The basic point is that an aggregate 
emissions target has a weak connection 
with damage caused under any circum- 
stance, but the weakness is exacerbated 
as the geographic area covered by the 
definition of this target is expanded. 

The air quality targets are, by their 
very nature, defined in terms of concen- 
tration measurements at specific loca- 
tions. The issue for this set of targets is 
the number of such locations needed to 
adequately cover a particular airshed. It 


the distinction between these two types of pollutants in 
terms of their mathematical specification and the policy 
implications of those specifications, see Tietenberg 
(1978a). 

© The Clean Air Act requires that the standards be 
met everywhere, which means that the monitoring sta- 
tions have to be sufficiently numerous and sufficiently 
dispersed to provide adequate coverage of the geographic 
area. 

2 Geographic considerations also affect the design of 
the pennit itself. This is discussed in the next section. 
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is not possible to come up with a specific 
suggestion without reference to the 
characteristics of the particular airshed, 
but it is possible to suggest some of the 
considerations which would affect such a 
choice. The danger of an inadequate 
number of such locations is that the per- 
mit system will be designed to insure 
compliance with the measured concen- 
trations only, leaving the distinct possi- 
bility of air quality deterioration in other 
unmonitored parts of the airshed. In 
practice, because of the flow of pollut- 
ants within the airshed, it is probably 
possible to gain an adequate description 
of the state of an airshed with a relatively 
few monitoring stations. To my knowl- 
edge there have been no empirical 
studies devoted to this critical design 
question. 

Thus the notion of a local airshed, 
while lacking a precise, unambiguous 
means of defining its boundaries, appears 
both necessary and workable as a basis 
for defining the policy targets.”! It would 
be tempting and administratively simple 
to project the boundaries of this airshed, 
however defined, on the land area un- 
derlying it and call this the area of 
applicability of the permit market.”? 

This definition of the area of applica- 
bility would present problems for two 
reasons: it would not, in all likelihood, 
correspond to existing political boundaries 
and it would omit from consideration 
many emitters which contributed to the 
degradation of the air in that airshed, but 
are located some distance downwind 
from it. Each of these places important 
constraints on the ability of any control 
authority to achieve the desired policy 
targets at minimum cost. 

An example of the former problem is 
provided by the Northeast corridor of the 
United States. The New York met- 
ropolitan airshed, under any reasonable 
definition, overlies parts of at least three 
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states (New Jersey, New York and Con- 
necticut). For a coordinated TDP market 
to be established in these regions a re- 
gional political authority has to be estab- 
lished with sufficient authority to imple- 
ment the system.” 

To make matters even worse there is 
accumulating evidence that some pollut- 
ants are transported rather long dis- 
tances.”4 As a result the initial sources of 
the pollutants may be quite far removed 
from the airshed and well beyond the 
jurisdiction of the control authority un- 
less the jurisdiction of that authority ex- 
tends well beyond the perimeter estab- 
lished by the airshed. 

The long distance transport of pollut- 
ants also makes quite likely the possibil- 
ity that any given emitter will contribute 
to pollution problems in more than one 
airshed. Conceptually this presents no 
problem as long as that emitter is forced 
to have permits from all contro! au- 
thorities whose airsheds that emitter af- 
fects. Legally, however, this notion of 
overlapping jurisdictions may well be 
troublesome. The current approach in- 
volves a procedure for source states to 
identify multistate sources and to notify 
recipient states, and a procedure for re- 
cipient states to petition the administrator 
for disapproval of the implementation 
plan involving that source.”° This is a far 
cry from what the theoretical optimum 
would suggest. 


2! The Clean Air Act follows this route with the estab- 
lishment of air quality control regions. See 42 USC 7407. 

» An area of applicability is defined as the jurisdic- 
tional range of the permit market. Emitters within the 
area of applicability have to have permits issued by the 
control authority governing that area while those emitters 
outside the area do not. 

* The United States has made a start in this direction 
with the establishment of multistate air quality control re- 
gions, but these entities have not, as yet, been endowed 
with sufficient authority to implement a ‘TDP system. See 
42 USC 7407. 

* See, for example, Cleveland and Graedel (1979). 

% See 91 Stat 724. 
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The considerations de-not eliminate 
the desirability of a TDP system (they 
plague all other local control systems as 
well), but they do suggest caution in re- 
lying exclusively on this approach. For 
example, a TDP system should be com- 
plemented by legislation which rules out 
various control options that solve the 
local pollution problem by exporting the 
pollution to other airsheds. The most ob- 
vious current example of such a system is 
the use of a tall stack to inject the pollut- 
ing substance into the atmosphere at 
such a penetrating height and velocity 
that there is no effect on ground level 
concentrations in the immediate area, but 
the effect is pronounced at more distant 
locations.”6 


Coverage of Emitters 


Once the area of applicability of the 
permit system is established it remains to 
determine whether or not all emitters 
within that area are required to have 
permits. The major concern is whether 
emitters who individually represent a 
very small contribution to the pollution 
(e.g. residences or automobile owners) in 
an airshed ought to be forced to purchase 
rights. 

Macintosh (1974, p. 65) suggests that 
they should and devises a special branch 
of the control authority to deal with the 
purchase and sale of permits denomi- 
nated in especially small units. The anal- 
ogy he draws is the odd-lot trading sys- 
tem employed by the major stock ex- 
changes. 

Tietenberg (1974, p. 283) on the other 
hand, argues that some emitters should 
be excluded on the grounds that the costs 
of monitoring and enforcing the permits 
on each small emitter may far outweigh 
the benefits derived from the reduced 
pollution which results from their inclu- 
sion. 
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One useful test which emerges from 
these divergent views is to allow exemp- 
tions when the collective reduction in air 
pollution from the class of emitters being 
considered does not justify the additional 
expenditures on monitoring and en- 
forcement. In addition this discussion 
suggests that different market designs 
may be appropriate for these different 
types of sources.?’ Small emitters will be 
included when collectively they are an 
important source of pollution in that 
airshed and the enforcement costs of in- 
clusion under the most favorable market 
design do not seem to outweigh those 
benefits. The current reforms focus al- 
most exclusively on large sources.”8 


Initial Distribution of Permits 


It is useful to distinguish between the 
initial distribution of the permits and 
some ultimate distribution at a later date. 
The control authority has a good deal of 
control over the initial allocation while 
the market will handle the ultimate allo- 
cation. 

It is one of the desirable properties of 
an appropriately designed? transferable 
discharge permit system that the ultimate 


26 Some steps in this direction have already been 
taken. The law already rules out stacks which are taller 
than ‘‘good engineering practice’ as a means of meeting 
air quality standards. Yet the law specifically prohibits the 
administrator from regulating stack height. See 91 Stat 
721. 

27 These alternative market designs are explored in 
what follows on p. 407. 

28 In the Alabama Power decision the court provided 
that EPA may exempt from review those situations de- 
termined to be de minimis. The administrator exercises 
this authority by establishing emission or air quality 
thresholds and exempting or limiting the review of 
sources falling below these thresholds. Interestingly, the 
court limited the administrator’s discretion in setting 
these thresholds by ruling out the use of a cost- 
effectiveness rationale. See 44 FR 41937, §10 (S Sep- 
tember 1979). 

29 The question of what permit designs are compatible 
with cost-effectiveness is treated in section III. 
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allocation of these permits among emit- 
ters will be cost-effective regardless of 
their initial allocation as long as the per- 
mit market is competitive. This is for- 
mally proven by Montgomery (1972). 
Intuitively, this follows from the trans- 
ferability of the right. Those emitters 
which can control their pollution most 
cheaply will have an incentive to sell to 
those emitters which have higher clean 
up costs. This does not imply that the 
initial allocation of these permits is unim- 
portant; on the contrary, it is quite im- 
portant because it affects the level of 
costs faced by the emitters and the 
amount of revenue generated by the 
control authority. 

Conceptually the initial distribution 
possibilities can be arrayed on a 
spectrum where on one end of the 
spectrum the entitlement to discharge is 
reserved for the control authority (and 
granted to emitters only upon receipt of 
their payment) while on the other it is re- 
served for the emitters (and granted to 
the control authority only upon receipt of 
adequate compensation). Each of these 
imply different behavior on the part of 
the control authority and different allo- 
cations of the cost burden for meeting the 
community air quality goals. 

On one end of the spectrum is the 
*“government pays’’ principle. If the en- 
titlements are considered to be currently 
held by the existing set of emitters, then 
in order to improve the quality of air the 
control authority would have to buy back 
some of the permits. As long as they 
were bought at a market price (as op- 
posed to a government dictated price) the 
local community would end up paying for 
the improvement in air quality through 
the tax system. 

A rather different cost incidence is 
obtained when the entitlements are con- 
sidered vested in the state. In this ‘‘pol- 
luter pays’’ case the emitters must not 
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only pay for the pollution control equip- 
ment, they must also purchase the per- 
mits from the control authority. In this 
case, the cost falls on the consumers of 
the product, the owners of the emitting 
firms and the employees of the emitting 
firms. While members of the local com- 
munity may end up paying the costs of 
increasing the quality of air under this 
scheme as well, they will do so in their 
role as employee, employer or consumer, 
not as taxpayer. 

There is a middle ground of this 
spectrum which does not seem to have 
been explored systematically. In one 
possibility entitlements could be vested 
in the state, but the control authority 
could choose to give them at no cost to 
the existing emitters on some rational al- 
locative basis. This makes the public 
sector budgetary impact rather small 
while holding the costs down to the 
emitters. While they must pay for the 
costs of the pollution control equipment, 
the emitters do not have to pay for their 
initial allocation of permits (although they 
do have to purchase any additional per- 
mits beyond their initial allocation). 

It should be realized, however, that 
this middle part of the spectrum requires 
that the control authority define the initial 
allocation. With either the ‘government 
pays’’ case or the ‘‘polluter pays’ case 
the initial allocation can be handled by 
the market. When the permits are given 
away, some basis for allocating them 
must be determined. Some criterion for 
allocation must therefore be developed. 

One of the key determinants of 
whether the expanded market system is 
politically feasible is whether the various 
participants (for example, employers, 
employees, taxpayers, etc.) view it as 
“better” than the existing system. One 
traditional measure of whether a policy 
change is ‘‘better’’ is whether the new 
policy is Pareto superior to the old pol- 
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icy. It is a rather remarkable charac- 
teristic of this transferable discharge 
permit system that it provides an oppor- 
tunity to implement a Pareto superior 
policy change.*! 

The existing system has assigned emis- 
sion control responsibility via the state 
implementation plans. Presumably this 
assignment is consistent with achieving 
the ambient standards. If the permits in 
an expanded system are initially allo- 
cated to the emitters so as to allow each 
polluter the right to pollute as much as 
was previously allowed by the im- 
plementation plans, then any transfers 
among emitters which take place after 
the initial allocation, because they are 
voluntary, will result in mutual gains for 
those trading. Since this choice guaran- 
tees that no emitter faces higher costs 
than it otherwise would, this implies that 
consumers and employees should be as 
well off. Thus this particular allocation 
has the potential to be a minimum dis- 
ruption means of moving from the cur- 
rent system to a full market system, 
should such a move be deemed desir- 
able.*? 

If there were perfect foresight on the 
part of all emitters and a competitive 
market structure for the TDPs, the con- 
trol authority would not have to worry 
about the intertemporal allocation of 
TDPs. All current emitters would foresee 
the future demands for the permits as 
well as their effect on prices and choose 
their control investments accordingly.* 
New emitters would simple bid the TDPs 
away from existing emitters prior to their 
entry into the market. 

Both a lack of perfect foresight, how- 
ever, and a noncompetitive market 
structure can create problems, although 
probably not serious problems, with this 
harmonious view. The lack of perfect 
foresight could cause existing firms to 
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underinvest in pollution control if they 
underestimate the future prices of the 
permits or overinvest if they overesti- 
mate future prices. This is due to the fact 
that the permit can subsequently be sold 
for a profit in the right circumstances. 
Underinvestment could arise because 
many of the methods of emission reduc- 
tion involve durable equipment  pur- 
chases. Prior to the purchase emitters 
have a choice of any point on their long 
run marginal cost of control function. If 
they expect a heavy demand for permits 
from new emitters, they might rationally 
choose to purchase some temporarily 
idle capacity. However, once the equip- 
ment is purchased an emitter must oper- 
ate on its associated short run marginal 
cost function. This built-in lack of ex post 
flexibility could create problems for 
growth when all existing emitters sys- 
tematically underinvest. This is, how- 
ever, a problem new firms face in many 
markets whenever a resource is in fixed 
supply. Since they seem to handle it in 
these other markets, there is reason to 
believe they can handle it in this one too. 


%© A Pareto superior reallocation is one in which no 
one is made worse off and at least one of the participants 
is made better off. 

31 The careful reader might argue that it is Pareto 
superior for existing emitters but not for potential new 
emitters. Since the current system forces new emitters to 
purchase offsets (as would the market system), this initial 
reaction is not valid for these areas. It is valid for attain- 
ment areas, however, since the allowabie increments are 
currently given, free of charge, to the first requestors. 

32 The one caveat to this proposition that has to be 
kept in mind is that it ignores the change in administrative 
costs which would accompany the transition to an ex- 
panded market system. If administrative costs rise by a 
sufficient amount the new policy will not be Pareto 
superior. One study which has examined this question 
concludes that a TDP system would probably result in 
lower administrative costs than the current system. See 
Anderson, et al. (1979, chap. 6, p. 71; chap. 7, p. 38). 

% The EPA currently allows a firm to bank excess 
emission reductions for later use (i.e., during an expan- 
sion or for transfer as on offset). See 44 FR 51935 (5 Sep- 
tember 1979) and 44 FR 3280 (16 January 1979). 
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Noncompetitive markets can also po- 
tentially create problems. If the holders 
of the permits are few in number, they 
might, through collusion, charge higher 
than competitive prices for the transfer of 
a permit to a new emitter. This could 
stifle growth and create windfall profits 
for the sellers. This is a likely problem, 
however, only when the number of 
sellers is small and there are no alterna- 
tive locations the buyer could choose. 
Therefore this is a problem to be con- 
fronted in few (if any) markets and can be 
dealt with in those few with additional 
constraints on the transferability of the 
permits. 

If the control authority concludes that 
the existing incentives do not provide for 
an adequate reserve of permits for new 
emitters, two distinct approaches are 
available. The first assigns a very large 
role to the control authority while the 
latter assigns more of the responsibility 
to the private sector. The public sec- 
tor approach envisions the analytical 
derivation of the annual optimal stock- 
pile of permits to be held by the control 
authority to accomodate future growth. 
To operationalize this notion the public 
sector would attempt to simulate the op- 
eration of the market under various 
growth scenarios. Then decision theory 
could be used to derive the supply of 
permits for each year which maximizes 
the present value of expected social 
benefits. While this is a conceptually 
easy model to construct, the data re- 
quirements are somewhat formidable. 

An alternative approach, suggested by 
Roberts and Spence (1976) for a slightly 
different problem than the one con- 
sidered here, could be used to shift some 
of the uncertainty onto the emitters while 
keeping their incentives compatible with 
cost-minimization for the system as a 
whole. Their system envisions comple- 
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menting a TDP system with a subsidy for 
unused TDPs and a penalty for exceeding 
the emission level permitted by the TDP. 
For our purposes here the interesting 
facet of this approach is the subsidy for 
holding unused permits. This subsidy 
creates an additional incentive for the 
emitter (above the normal incentive of 
holding the permit for higher future 
prices) to retain some capability to trade 
permits to other emitters in the future. 
This capability can be achieved by con- 
structing a pollution control capacity 
larger than current needs and stockpiling 
the permits or by constructing control 
facilities which provide rather more ex 
post flexibility than would be achieved 
with competing, presumably cheaper, 
alternative facilities.**4 

This subsidy approach has the virtue 
that it will encourage emitters to retain 
the capability to sell permits in the future 
when the cost of doing so is relatively 
low, but not when it is high because the 
subsidy in this latter case will not be 
sufficient to make these actions profita- 
ble. It has the undesirable feature that it 
requires larger expenditures by the con- 
trol authority. 


Enforcing the Permit System 


The enforcement of this kind of permit 
system depends on the technical ability 
to detect violations and the legal ability to 
deal with the violations once detected. 
The ability to monitor emissions is a key 
aspect of the system because without it 
emitters do not have to worry whether 
they have the appropriate number of 
permits or not and the incentive 
properties of the system are lost. Simi- 


* In this context ex post flexibility refers to situations 
where some increases in the degree of emissions control 
can be accomplished without sharply increasing marginal 
cost. 
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larly, violators should ~be sufficiently 
penalized to make violations under nor- 
mal circumstances an unattractive op- 
tion, but not so harsh as to make them 
lack credibility. 

The state of the act in monitoring pol- 
lution from a policy perspective has re- 
cently been surveyed by Anderson et al. 
(1977, pp. 90-106). A transferable dis- 
charge permit system designed to 
achieve ambient standards requires both 
ambient concentration monitoring and 
emission monitoring. Since emissions 
monitoring is the most difficult compo- 
nent of an enforcement policy, we shall 
concentrate on it. Anderson et al. (1977) 
summarize: 


Direct, continuous monitoring may be feasible for 
larger installations where suitable instruments are 
available, and their cost is small relative to the 
overall cost of operating the plant. But . . . instru- 
ment technology does not provide solutions for 
every monitoring problem (p. 101). 


The article goes on to conclude, how- 
ever, that direct continuous monitoring 
of emissions is not essential to the suc- 
cess of the program. There are a number 
of techniques available for sampling or 
estimating the emissions flow. These may 
lack the precision and completeness of 
direct continuous monitoring, but in the 
absence of that alternative they may be 
acceptable. 

One such approach would use a pro- 
duction function relationship to relate 
various input and output combinations to 
the emission rate. These could be esti- 
mated econometrically on the basis of 
initial sampling. Once these relationships 
were validated they could be used in- 
stead of direct continuous monitoring. 
The records on inputs and outputs would 
be used to estimate emission rates. These 
empirical estimating relationships could 
be subjected to periodic validation. 
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When new pollution control measures 
are adopted by the emitter, the relation- 
ships would be reestimated.** What is 
sacrificed by this approach is the 
monitoring of circumstances such as the 
temporal deterioration of the equipment 
or deviations from normal operating 
practice (for example, accidents or shut- 
ting the equipment off). 

Anderson and his coauthors (1977) also 
address the question of whether the re- 
sponsibility for the initial burden of 
monitoring should fall on the discharger 
or the pollution control authority. Ap- 
pealing to the income tax system as a vi- 
able example they suggest that a self- 
reporting system complemented by 
punitive fines for false reports could play 
a significant role. As to the constitution- 
ality of such a system they point out that 
it has survived constitutional challenges 
in at least one (unidentified) state (p. 93, 
n. 1). 

In the longer run several promising 
technologies (e.g., lasers) are on the 
drawing board for remote sensing.*® The 
development of this capability would 
significantly increase the feasibility of a 
self-reporting system by providing a 
random, surprise audit capability for the 
control authority. No doubt the im- 
plementation of control systems for 
which such capabilities would be useful 
would hasten the development of such 
systems by providing an obvious market 
for them. 

Monitoring, however, is only the first 
of the requirements for an effective en- 
forcement strategy. The second is the 
legal authority to deal with noncom- 


55 Anderson et al. (1974, pp. 103-04) point out that this 
method is already being used for water pollution 
monitoring in both Germany and Czechoslovakia. 

%® For an extensive discussion of the possibilities see 
Staff of Research and Education Association (1978, chap. 
18, pp. 49-65). 
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pliance including effective sanctions. 
The most complete treatment of the legal 
issues is found in Irwin and Lirhoff (1974), 
although some pertinent insights are 
contained in Anderson et al. (1977), 
deLucia (1974) and Jaffe et al. (1978). 

There are several legal constraints 
which might potentially inhibit an effec- 
tive enforcement policy. The first is fed- 
eral preemption. If there is a federal 
preemption, then states may not venture 
into what becomes, with preemption, a 
national jurisdiction. On this issue Irwin 
and Lirhoff (1974) conclude: 


The states and their subdivisions are not preemp- 
ted from adopting disincentives applicable to other 
than new motor vehicles, aircraft or the use of fuels 
or fuel additives (p. 75). 


The general constitutional constraints 
on state action are derived from the 
Fourth, Fifth and Fourteenth Amend- 
ments to the U. S. Constitution. The 
general impression given by Irwin and 
Lirhoff’s extensive review is that a care- 
fully conceived economic disincentive 


program (such as a transferable discharge: 


permit system) would survive constitu- 
tional tests.*” 

Effective enforcement also requires 
the availability of legal sanctions which 
can be invoked when emitters fail to 
comply with the terms of the permits. 
Noncompliance can occur either when 
the emitter delays in installing the pollu- 
tion control procedures and equipment or 
when the conditions of the permit are ex- 
ceeded during the normal operation of 
these procedures and equipment either 
intentionally or unintentionally. 

The most complete early work on the 
economics of air enforcement of air pol- 
lution control policies can be found in 
Downing and Watson (1973). They con- 
duct a theoretical and (limited) empirical 


analysis of the air pollution control en- 
forcement system as it currently exists 
and as it might exist if alternative ap- 
proaches were pursued. Unfortunately, 
they do not consider transferable dis- 
charge permit systems, but they do in- 
troduce a number of ideas which are rel- 
evant to such a system.*® 

One of these ideas concerns the type of 
sanction to be employed. Downing and 
Watson (1973, p. 26) point out that there 
are three basic types of sanctions which 
can be imposed: (1) cease and desist or- 
ders, (2) financial penalties of various 
types and (3) a shutdown order. The first 
of these typically is insufficient since it 
provides no penalty for past non- 
compliance and therefore weakens the 
compliance incentives in the future. The 
shutdown order suffers the opposite kind 
of problem; it is such a harsh response 
that emitters do not expect it to be in- 
voked. It does not represent a credible 
threat.*° 

Most attention therefore has focused 
on using some sort of monetary penalty 
to induce compliance. These penalties 
can take several forms. They can be pre- 
determined or determined after the fact 
and tailored to the circumstances of the 
permit violation. They can represent a 
charge per unit of emissions, more or less 


*7 One of the legal issues involving a TDP system in- 
volves the constitutionality of particular permit designs. 
These issues are reserved for the next section which dis- 
cusses permit design. 

“’ One of the other useful insights of this document (p. 
6) is the demonstration that an effective control policy is 
not very sensitive to the accuracy of monitoring devices 
as long as the measurement error is known. They con- 
clude that research and development money should be 
spent on extending the number of po!lutants which can be 
monitored rather than improving the accuracies of exist- 
ing systems. 

* A good example of sanction overkill is the repeated 
failure of the EPA to stand firm in the face of repeated 
successful demands of the automobile manufacturers to 
delay the implementation dates for the new car emission 
standards. See Grad et al. (1975, p. 375). 
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continuously imposed, or-a lump sum 
compensation imposed in_ infrequent 
judicial proceedings. 

Spence and Weitzman (1978) focus 
on the predetermined charge-per-pound 
sanction. They recommend that the pre- 
determined fee be set equal to the ‘‘mar- 
ginal damages at the level of effluents 
prior to the imposition of regulation” 
(Spence and Weitzman 1978, p. 213). 
Thus the emitter is assessed a penalty 
which is crudely related to the damages 
that would be caused if the conditions of 
the permit are violated. The emitter 
knows precisely what the unit cost of 
noncompliance will be prior to its oc- 
currence. 

Quite a different approach has been 
developed in what is known as ‘‘the 
Connecticut plan.”’ This plan (described 
by Clark 1978 and Drayton 1978), which 
has currently been adopted by Connec- 
ticut, relates the noncompliance penalty 
imposed to the costs of pollution control 
avoided by the emitter who is not in 
compliance. This approach obviously 
is designed to remove any financial ad- 
vantages to the emitter from  non- 
compliance.*° 

The phiiosophical differences between 
these two approaches can be sum- 
marized as being an argument between 
optimal noncompliance and complete 
compliance. The Spence and Weitzman 
approach attempts to relate compliance 
costs to the damages incurred. When 
compliance costs are higher than the 
damages, noncompliance will be the ex- 
pected (even desired) outcome. The 
Connecticut plan, on the other hand, at- 
tempts to insure that noncompliance will 
never be in the interest of the emitter. 

The former approach has much to rec- 
ommend it; it can be handled adminis- 
tratively with a minimum of cost. As An- 
derson et al. (1977, pp. 123—28) point out, 


Land Economics 


however, it is not clear that the courts 
would allow the administrative imposi- 
tion of a charge as being consistent with 
the due process requirement of the con- 
stitution. There are two issues involved. 
The first deals with the constitutionality 
of executive (as opposed to judicial) 
imposition of noncompliance fees while 
the second involves the procedural 
safeguards involved in various forms of 
assessment. These are important issues 
because they have a drastic effect on the 
rapidity with which the system can be 
enforced and the amount of resources 
that would have to be committed to en- 
forcement. 

A court determination that these fees 
were criminal penalties would prompt the 
need for procedural safeguards that pre- 
sent serious obstacles to an effective en- 
forcement policy. Thus the feasibility of 
this approach rests with the court system 
and remains to be established. Unfortu- 
nately as long as the statutes require the 
‘*‘Connecticut plan approach”’ that test 
will not be forthcoming. 


Ill. DESIGNING PERMIT 
ENTITLEMENTS 


Taxonomy of Permit Entitlement Choices 


There are three basic permit designs 
discussed in the literature. In this section 
these designs will be described and the 
differences among them clarified. In the 
next section the relationships of these 
various designs to the achievement of the 
two goals will be discussed. The suc- 
ceeding sections will then treat other 
matters which impinge on the permit de- 
sign. 


4 This is the basic approach that the 1977 amendments 
require. The amendments require the penalty to be set at 
“‘the economic value of noncompliance.”’ See 91 Stat 715. 
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The major difference among permit 
designs concerns whether the permits are 
differentiated or not. An undifferentiated 
discharge permit (UDP) is one which 
conveys the same entitlement to emit to 
every emitter. Transfers among emitters 
take place on a one for one basis. Total 
emissions are unaffected by the trade. 

In contrast to this stands the various 
types of differentiated permits. The first, 
an ambient differentiated permit (ADP) 
allows each permit holder to discharge 
one standardized unit of emissions in the 
air for each permit held.*! The stan- 
dardization procedure is specific to the 
receptor location. A number of key re- 
ceptor locations are identified and the air 
quality control region is divided into a 
number of source zones. A separate 
permit system is created for each of these 
key receptor sites. A source has to have 
sufficient permits in each of these mar- 
kets to justify its emissions. The trades 
within each zone take place on a one for 
one basis. The standardization procedure 
defines the exchange ratio for interzonal 
trades. It is worth noting that this stan- 
dardization procedure has to be ac- 
complished only once when the system is 
established. This contrasts sharply with 
current offset policy procedure which 
has to be reaccomplished every time a 
trade is proposed. *” 

Yet it is true that a separate permit 
system for each key receptor site is more 
administratively cumbersome than a 
single permit market. Therefore some 
attempts have been made to define a 
single permit market which will have 
desirable allocative properties. One of 
these, the emission discharge permit 
(EDP), was mentioned by Rose-Ack- 
erman (1977) and developed in more 
detail by Montgomery (1972). Its legal 
implications are explored in Jaffe et al. 
(1978). It allows a fixed number of per- 
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mits to be allocated to each of several 
zones within an airshed. These permits 
are freely transferable on a one for one 
basis within zones, but no transfers are 
permitted between zones. This system 
represents an attempt to gain the advan- 
tages of a single market while maintain- 
ing the cost reduction possibilities to be 
derived from a Spatially differentiated 
permit system. As we shall see in the 
next section it is possible only in a limited 
sense. 


Properties of Alternative Permit Designs 


As Baumol and Oates (1975) and 
Hamlen (1977) have shown formally, 
under competitive conditions the UDP 
system can fulfill the ECE criterion. The 
transferability of the permits insures that 
they will be reallocated by the market 
until the marginal costs of control are 
equalized across emitters. This in turn 
guarantees that the responsibility for 
achieving the aggregate emission target 
will be allocated among emitters so as to 
insure that the target is met with a 
minimum commitment of pollution con- 
trol resources. This conclusion is an im- 
portant one because it implies that a UDP 
system is a cost-effective means of deal- 
ing with global pollutants. 

As Tietenberg (1973a) has demon- 
strated formally, a UDP system will not 
fulfill the ACE criterion. Furthermore 


“ The standardization procedure is described in some 
detail in Tietenberg (1974, pp. 288-89). It is a quantity 
standardization procedure. Anderson et al. (1979, pp. 
7-11) suggest a price differentiation process. Mathe- 
matically they are equivalent, but administratively they 
have rather different properties. 

“ Since legal challenges can arise every time a new 
standardization procedure is proposed (which is with 
every proposed trade under the current system), this 
could be a significant advantage of the ADP system. 

“ The Rand Corporation is currently engaged in the 
examination of the feasibility of a TDP market for 
fluorocarbons. 
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the magnitude of the cost increase from 
using a UDP system to achieve an 
ACE criterion is apparently substantial 
(Tietenberg 1978a) and there is reason to 
believe that the cost advantage of differ- 
entiated permit systems over the undif- 
ferentiated systems will be even larger in 
the future than it is currently. This is due 
to the effect of each system on location 
incentives. With a UDP system the loca- 
tion of the emitter within the airshed does 
not affect its pollution control cost while 
for the differentiated permit systems it 
does. With differentiated permit systems 
emitters have the incentive to consider 
the air quality impacts of their location 
decision while with UDPs they do not. 
The long run cost-effective achievement 
of the ambient standards requires that 
both relocation and the adoption of pol- 
lution control equipment be considered 
as ways to reduce the costs of achiev- 
ing the standards. While clearly no 
wholesale relocation of emitters should 
or will take place, for some emitters, 
particularly new entrants to the area, the 
choice of location may greatly affect both 
their costs and the costs of other emitters 
in the area.“ 

As Montgomery (1972) has demon- 
strated both the ADP permit design and 
the EDP permit design can fulfill the 
ACE criterion at any point in time, but in 
order to do so the EDP system requires 
much more information on the part of the 
control authority and this particular de- 
sign allows much less flexibility to the 
control authority in its capacity to 
influence the distribution of the costs. 
The ADP design allows the control au- 
thority to choose any initial allocation of 
permits and therefore to use this alloca- 
tion as a means of choosing an agreeable 
distribution of the costs. Regardless of 
what initial allocation is chosen, because 
of the complete transferability of the 
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permit across zones, the ultimate alloca- 
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tion will be cost-effective. This cost-. 


effective allocation of permits will imply 
a particular distribution of emissions 
across the airshed. If the control author- 
ity were to allocate the permits in an EDP 
system so that the initial allocation was 
consistent with this distribution of emis- 
sions, then that EDP system would fulfill 
the ACE criterion as well. 

However, two aspects of this conclu- 
sion are worth pointing out. First, for the 
initial allocation to fulfill the ACE criter- 
ion in the EDP system the control au- 
thority would have to know the control 
costs for every emitter in the airshed. 
This information is not required for an 
ADP system to be cost-effective. Sec- 
ondly, even if the control authority pos- 
sessed that rather unrealistically large 
amount of information it would have only 
one distribution of permits which would 
be consistent with the ACE criterion (as 
opposed to the infinite number of ADP 
initial allocations which are consistent 
with the ACE criterion).** Even in the 
rather unlikely event that the control au- 
thority was able to discover this one ini- 
tial EDP allocation it would have no 
flexibility in trying to distribute the costs 
fairly. 

All of these differentiated systems are 
based upon source zones. The number of 
these zones and their size is one variable 
which can be manipulated by the control 
authority when the system is designed. 
Since the administrative complexity of 
the system rises with the number of 


“ See, for example, the empirical work presented in 
Kohn (1974). 

45 It would be pure coincidence if this unique alloca- 
tion coincided with the minimum disruption allocation 
discussed above. Therefore it is not likely that an EDP 
system could fulfill the ACE criterion while simulta- 
neously guaranteeing no emitter would be worse off by 
leaving the current system. The ADP system can simulta- 
neously achieve those goals. 
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zones, it is tempting to use very large 
zones (and hence only a few of them) to 
characterize a particular geographic area. 
This temptation should be resisted, how- 
ever, since an increase in the size of the 
zone will introduce the possibility that 
‘thot spots” or high pollution levels will 
occur within the zone, since one-for-one 
transfers within zones could result in a 
clustering of emitters. On the other hand, 
in the EDP system smaller zones reduce 
the transferability of permits, a prime 
source of cost reduction. 

These types of permit designs should 
not be considered as either/or choices. It 
may well be that for small sources a UDP 
system is appropriate when these sources 
are relatively ubiquitous. In this case the 
additional complexity of spatial differ- 
entiation is not warranted. On the other 
hand, for large sources, where their loca- 
tion makes a big difference, one of the 
differentiated permit systems could be 
used.*® 


Incorporating the Temporal Dimension 


Although it would be possible to define 
an aggregate emission standard with a 
time dimension the use of an aggregate 
emission standard as the policy target 
normally implies that the temporal pat- 
tern of emissions is not important and, 
therefore, is of no consequence in the de- 
sign of the permit. This is not true when 
an ambient standard policy target is pur- 
sued using an ADP system. Both the 
emission intensity of contributing 
sources and meteorological conditions 
have a temporal component that can be 
integrated into the design of an ADP 
system. Several options exist for the 
manner of integration, each incurring 
quite different public control costs. In 
general, the most complete control over 
the system requires the largest outlay of 
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funds; therefore, some trade-off between 
completeness and minimizing costs ap- 
pears in order. 
For the integration of a changing 
meteorology into the control process a 
continuum of options is available, at 
one end of which would be a control 
policy based on current meteorological 
conditions. Here the standardization 
coefficients (which determine the ex- 
change rate between emission in one 
zone and emission in another) would 
have to be changed at least daily. Al- 
though this policy would increase the de- 
gree of control over the process in the 
sense that air-quality forecasts would be 
based on actual rather than annual aver- 
age conditions, it would also incur 
significant and, at present, even prohibi- 
tive costs both for the public and private 
sectors. Public costs would be high be- 
cause of the necessity for continuously 
updating the table and transmitting this 
information to the firm; private costs 
would be high because it would be very 
difficult to plan production schedules. 
The opposite end of the control 
spectrum in terms of temporal complex- 
ity, a system of controls that does not 
vary over time, is much easier to imple- 
ment, administer, and enforce. Such 
constant control is implemented by using 
annual average meteorological conditions 
in constructing the table of equivalences 
and choosing a level of control such that 
even under somewhat adverse conditions 
the desired concentration level would not 
appreciably exceed the standard. The 
problem with this approach is that it 
contains no special provisions for han- 
dling those rare, but devastating, occa- 
sions when thermal inversions prevent 


*° This multiple-tiered approach in which a UDP sys- 
tem for small emitters is combined with an ADP approach 
for large emitters was suggested to me by Barbara Ingle in 
a telephone conversation. 
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the normal dispersion and dilution of the 
pollutants. The damage that can occur on 
these occasions to humans, animals, 
materials, and vegetation is so severe as 
to warrant a special procedure for such 
days. One solution is to establish a two- 
tier kind of control in which the permits 
allow two different emission rates—one 
for days characterized by thermal inver- 
sions and one for all other days. The 
emission rates allowed during thermal 
inversions would be substantially less. 

One other element in the temporal na- 
ture of the meteorological processes can 
be integrated into the design of an ADP: 
the regular periodic nature of wind pat- 
terns. The conditions that go into the der- 
ivation of the equivalency remain rela- 
tively constant within seasons but tend to 
change as the seasons change. Since ac- 
curate records are kept by the weather 
bureau for wind patterns, it is possible to 
derive a separate set of equivalences for 
each season. With this table of equiva- 
lences defined the administrator could 
either design specific permits to be sold 
in four seasonal markets, or sell an an- 
nual permit that would be adjusted for 
each season. As long as these permits 
were transferable among emitters, the 
allocation could change over the seasons 
without the need for different permits in 
each season. 

One benefit of incorporating meteor- 
ological seasonality into the design is 
that it provides incentives to emit- 
ters to shift their emissions to time 
periods and locations where they will do 
the least harm. Consider a hypothetical 
firm, moving into a metropolitan area, 
that emits only during the winter months 
because of a large space-heating need 
then. If a seasonal ADP market is opera- 
tive, the firm will have an incentive to lo- 
cate where its costs per unit of emissions 
is the lowest. According to the design of 
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the market, this location is where winter 
emissions do the least harm in terms of 
meeting the desired air-quality standards. 
On the other hand, if a nonseasonal, an- 
nual ADP market is in existence, the firm 
will still locate where the ADPs are the 
cheapest, but this will no longer coincide 
with the location where winter emissions 
do the least damage. Rather it will coin- 
cide with the location where a steady 
emission rate all year would do the least 
damage. Because of the quite large dif- 
ferences in seasonal wind patterns, these 
locations will not generally coincide. 

Another temporal pattern exists for 
emissions. Our society concentrates its 
economic activity into the daylight hours, 
resulting in higher concentrations during 
the daytime. The impact of this on the 
design of the ADP is that if the permits 
were made specific to an eight-hour 
period then presumably the price of the 
permit during the 12:00 A.M.—8:00 A.M. 
period would be much lower than those 
for the two other shifts. This would 
provide an incentive for emitters to shift 
their emissions to this period, partly 
offsetting some existing incentives in the 
opposite direction, such as the higher 
wage rates required for the ‘‘graveyard”’ 
shift. If this incentive were successful in 
shifting some production into these 
hours, a beneficial result may be ob- 
served on automobile-produced pollut- 
ants as well. The portion of the rush-hour 
traffic representing the workers affected 
by this shift would be channeled into a 
less active period. 

The current legislation would appear 
to rule these refinements out. The Clean 
Air Act Amendments of 1977 state un- 
ambiguously: 


The degree of emission limitation required for 
control of any air pollutant under an applicable im- 
plementation plan under this title shall not be af- 
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fected in any manner by . . . any other dispersion 
technique. . . . For the purposes of this section, 
the term ‘‘dispersion technique” includes any in- 
termittent or supplemental control of air pollutants 
varying with atmospheric conditions.*7 


Unlike many other characteristics of an 
expanded TDP system this refinement, if 
implemented, would require new legisla- 
tion. 


Duration of the Permit 


The TDP could be designed either to 
entitle the owner to discharge a specified 
emission rate into the air in perpetuity or 
for some finite time period. In theory, 
either option is acceptable, because their 
transferability would insure that they 
were reallocated in response to a chang- 
ing environment. New firms would bid 
them away from firms who no longer had 
need for them, and the government 
would have to set up the auction market 
only once if the TDPs were perpetuities. 

David et al. (forthcoming), deLucia 
(1974) and Tietenberg (1974) argue for a 
limited term permit on the grounds that it 
provides more administrative flexibility 
in changing the allowed level of pollution. 
However, even with perpetual rights the 
control authority can increase or de- 
crease the level of pollution by entering 
the market as a buyer of existing permits 
or a seller of new permits. The increased 
flexibility to the control authority offered 
by a limited duration permit is offset by 
an increase in the uncertainty of the 
emitter. *® 

The upshot of the argument is that it 
probably makes sense for the control 
authority to issue permits with different 
terms. Those emitters who feel the need 
for a long-term permit and are willing to 
pay for that security can purchase those 
permits. Conversely those polluters who 
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prefer lower cost permits and less secu- 
rity can purchase the shorter term per- 
mits. Staggered expiration dates would 
allow the control authority an annual op- 
tion to increase or decrease the number 
of permits in the market. 


Coverage of Pollutants 


Administratively it would be desirable 
if all the different types of pollutants in a 
particular airshed could be handled 
within the context of a specific market. 
This would be possible with the aggre- 
gate emissions target as long as the target 
is defined in terms of equivalent emis- 
sions. Macintosh (1973, pp. 66-68) sug- 
gests this approach. He suggests choos- 
ing the weights for determining the 
equivalency on the basis of some histori- 
cal contribution to pollution in the local 
area. 

In general, however, a single market 
with temporally fixed weights is not con- 
sistent with the cost-effective achieve- 
ment of the ambient air quality stan- 
dards. The cost-effective weights will 
necessarily change over time since some 
pollutants will be cheaper to clean up 
than others and will be subject to differ- 
ent growth pressures due to the entry and 
exit of emitters. The differential costs of 
control faced by emitters would, with a 
single multipollutant market, cause the 
permits to be used for pollutants which 
were expensive to control, rather than 
for others. When some historical basis 
for choosing the weights is used, this will 
lead to a situation in which the ambient 
air quality standard for those pollutants 
which are less expensive to control will 
be met easily, but the standards for the 


791 Stat 721. 

** Anderson et al. (1979) also suggest that governments 
lease the permits for limited durations rather than sell 
them. 
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other pollutants will be violated. To 
compensate for this the control authority 
would have to reduce the number of 
permits until the ambient air quality stan- 
dards were met for all pollutants, but this 
would generally result in a very expen- 
sive, excessive control of the other pol- 
lutants. The problem with this approach 
is that the final amount of each pollutant 
in the air is determined by the emitters; 
the control authority will have lost the 
capability to control each pollutant. The 
retention of that capability, in the ab- 
sence of detailed knowledge on control 
costs, requires a separate market for 
each pollutant.*® 


Administrative Feasibility of ADP 
and EDP Systems 


The ADP system and some versions of 
the EDP system require the use of air 
diffusion modeling. The ADP system 
uses these models to define the exchange 
rate between the permissible emission 
rates allowed by a permit in any two 
zones. This is essential to insure that re- 
gardless of which emitters use the per- 
mits the air quality standards will be met. 
It is the mechanism which makes com- 
plete transferability compatible with the 
achievement of the air quality standards 
at minimum cost. The EDP system may 
use it to define an initial allocation of 
permits which is compatible with the air 
quality standards. If the state of the art in 
diffusion modeling is not equal to the 
task, then, by default, alternative ‘‘sec- 
ond best’’ strategies become attractive. 

The adequacy of the state of the art of 
diffusion modeling for policy purposes 
cannot definitively be affirmed; reason- 
able people may disagree. Yet, on bal- 
ance, for nonreactive and_ relatively 
nonreactive pollutants it does seem 
adequate, particularly in light of the tre- 


Land Economics 


mendous reductions in cost which can be 
achieved with its use. For highly reactive 
pollutants such as volatile organic com- 
pounds this conclusion clearly is not war- 
ranted. 

The most common perception of those 
who know nothing about diffusion mod- 
eling is that the task is hopeless because 
air flow is such a complicated dynamic 
process. To be sure it is a complicated 
process, but annual average air flow pat- 
terns show a striking regularity—and an- 
nual averages are all that are needed to 
implement the ADP and EDP systems!°° 
The diffusion models which predict an- 
nual averages are, on the whole, quite ac- 
curate.*! They are already authorized by 
the Environmental Protection Agency for 
use in developing state implementation 
plans and more important for our pur- 
poses they are authorized for defining 
permissible offset trades. 

Administratively the ADP system re- 
quires only one type of information to 
implement it over and above that re- 
quired to implement a UDP system—a 
matrix defining the amount of emissions a 
permit allows depending on where the 
emissions are injected into the airshed. 
The data requirements for deriving this 
matrix are available in urban areas and 
rural areas served by an airport. Be- 
cause of the stability of annual averages 
from year to year, the matrix need only 
be constructed once. The cost of the 
exercise, therefore, when compared to 


49 It is worth noting that the offset policy explicitly 


rules out interpollutant trades. See 44 FR 3284, §4.A.3. 
(16 January 1979). 

50 The method for relating annual averages to the stan- 
dards is given in Tietenberg (1974, p. 285). 

51 A survey of the state of the art in air diffusion mod- 
eling is provided in Staff of Research and Education As- 
sociation (1978, chap. 2). Some evidence on the accuracy 
of these models is also provided in Grad (1975, pp. 
220-24). 

52 The data requirements are described in Grad (1975, 
pp. 217-19). 
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the saving to be achieved by conducting 
it, is trivial. 

The ultimate test is, of course, whether 
the state of the art is sufficiently well- 
developed to withstand effective legal 
challenge. Local areas would invoke 
these permit systems under their general 
police power to protect public health and 
welfare. The legal challenge, if it were to 
be mounted, would probably question 
whether an ADP or an EDP system vio- 
lated the equal protection clause of the 
Constitution. The equal protection clause 
precludes discriminating among persons 
or organizations in the same classifica- 
tion. The question of interest is whether 
or not a differentiated permit system 
would violate this requirement. If the 
classification system is not arbitrary or 
capricious and is consistent with some 
broader social purpose it can survive. 
While no direct precedent of the ability of 
a differentiated permits system to meet 
this test exists, it does appear that air 
dispersion models are now sufficiently 
well developed to allow them to serve as 
the basis for an acceptable classification 
system within an airshed. Pierce and 
Gutfreund (1975), for example, conclude 
that air dispersion models are likely to be 
admissible provided they are used by 
trained professionals and are based upon 
the best available data and methodol- 
ogy. Similarly, for the EDP system Jaffe 
et al. (1978, p. 95) conclude: 


The developing law in land-use controls does not 
yet provide all the answers to these problems, but 
it does suggest that careful implementation of 
an emission quota strategy can escape constitu- 
tional challenge except in extreme cases. 


It is much less clear that the models used 
to forecast the long range transport of 
pollutants and those forecasting the con- 
centrations of the highly reactive pollut- 
ants would be similarly admissible, 


IV. EMPIRICAL RESULTS 


There are only four studies of an em- 
pirical nature which are directly con- 
cerned with the effect of implementing a 
transferable discharge permit system. 
Two of these, deLucia (1974) and David 
et al. (forthcoming), deal with water pol- 
lution while Macintosh (1973) and An- 
derson et al. (1979) deal with air pollu- 
tion. Other studies by Atkinson and 
Lewis (1974) and Teller (1970), while not 
explicitly related to TDP systems, have 
some pertinent insights. All of these 
studies deal with hypothetical computer 
simulations of what would happen if a 
transferable discharge permit system 
were implemented; none deal with the 
results of an actual implementation. 

The Macintosh study deals with the 
implementation of a hypothetical air 
rights market in the New Orleans Air 
Quality Control District. The permits in 
the study cover particulates, sulphur 
oxides and carbon monoxide. A single 
market is used to control all three by de- 
fining the permit entitlement in terms of 
equivalent tons; the equivalency among 
the three pollutants is determined by a 
temporally constant weighting system 
which is based on the historical impor- 
tance of the three pollutants in the area. 
The simulation covers a ten year period. 

In the simulation the price of the per- 
mit rises from $542 per equivalent ton in 
1970 to $803 per equivalent ton in 1980. 
The supply of permits is fixed and 
the price rise mainly represents the 
hypothesized growth in demand from the 
arrival of new emitters and expansion of 
production by old ones. Since the per- 


* Interestingly enough, the legal issues for spatially 
differentiated air pollution emission charges are more 
complicated. See Tietenberg (1978). 

** A number of other studies are currently under way, 
but were not available as this was written, 
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mits are auctioned off, the market 
generates $1,768,052 in revenue for the 
control authority. 

It should also be noted what this 
simulation does not do. It does not 
simulate an ambient standard TDP sys- 
tem; it is rather a simulation employing 
an aggregate emission standard. Since 
the study did not include any air disper- 
sion modeling, it is not clear that the 
simulation results were in compliance 
with air quality standards. 

The UDP system could, of course, be 
used to pursue air quality goals in spite of 
the fact that it would not be cost- 
effective; that is, an optimum would not 
be achieved. It is legitimate, however, to 
ask how much costs are increased by 
using this administratively simpler sys- 
tem. If they are not raised very much, 
then the simpler system might be prefer- 
able, all things considered. 

Two studies which specifically exam- 
ine this question focus on different pol- 
lutants in different cities. In the first 
study using data for St. Louis, Atkinson 
and Lewis (1974) compared the costs of 
meeting a particulate ambient standard at 
several receptor locations with a UDP 
and ADP system.* They concluded that 
the cost saving which would result from 
substituting the ADP system for the UDP 
system was approximately 50% (p. 237). 
While we have a right to be skeptical of 
the exact magnitude of this differential, it 
is certainly Jarge enough to suggest that 
spatial differentiation of the permits is 
important. 

Similar results were achieved by 
another recent study (Anderson et al. 
1979) focusing on nitrogen dioxide con- 
centration in Chicago. Using a short-term 
ambient standard of 250 mg./m.* the 
study found that the least cost allocation 
would resuit in an annualized cost of $21 
million. A control system based upon 
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RACT (reasonably available control 
technologies) plus a least cost solution to 
achieve the additional emission reduction 
necessary to meet the standard would re- 
sult in an annualized cost of $44 million. 
A roll-back strategy that ignores the lo- 
cation of the emitters was estimated to 
require 90% control for all sources, 
which resulted in an annualized cost of 
$254 million, or some twelve times the 
least cost solution (chap. 5, p. 34). This 
study reinforces the notion that spatial 
differentiation of the permits results in 
significantly lower costs and that enforc- 
ing some minimum threshold of control 
for all sources causes a not insignificant 
increase (in this case about 100%) in 
those costs. 

These studies leave two empirically 
important questions unanswered. (1) 
What is the cost saving from substitut- 
ing an ADP system for an EDP system 
when various rules of thumb are used 
to make the initial allocation of permits 
among the zones? (2) What is the opti- 
mum number of receptor locations and 
emitter zones for an airshed? 

The first question is important in es- 
tablishing a cost comparison between the 
EDP and ADP systems. Conceptually it 
is not clear whether an EDP system is 
more or less cost-effective than a UDP 
system. The EDP system incorporates 
locational considerations which certainly 
have the effect of reducing costs. On the 
other hand, in contrast to the UDP sys- 
tem the EDP system does not allow in- 
terzonal transfers, which eliminates a 
major source of cost reduction. The rela- 
tive importance of these two factors is 
an empirical question resolvable only 
through an appeal to the data. 


55 Strictly speaking their comparison was for emission 
charge structures, but the results are valid for the com- 
parison made above as well. 
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The second question is important be- 
cause it will determine the complexity of 
the ADP system. In an ADP system the 
number of separate permit markets re- 
quired to cost-effectively achieve the 
ambient standards at several receptor lo- 
cations is equal to the number of receptor 
locations. Therefore the more receptor 
locations that are needed to adequately 
characterize an airshed the more com- 
plex (and administratively difficult) the 
system. 

Another early study examined a ques- 
tion of some relevance to TDP system 
design. Using data for Nashville, Ten- 
nessee, Teller (1970) compared the costs 
of a temporally constant form of control 
with a scheme which tailored the degree 
of control to the forecasted conditions. 
The study indicated that forecasted con- 
trol was substantially less expensive than 
constant abatement. This provides im- 
portant empirical support for having a 
TDP system which differentiates be- 
tween episode control and normal con- 
trol as discussed in section III. The ques- 
tion of whether a two-tiered system, as 
proposed, is superior to a three- or four- 
tiered control system involving succes- 
sively more stringent degrees of emission 
reduction awaits further empirical work. 

While there have been a number of 
studies accomplished for water pollu- 
tion,® only two have dealt specifically 
with the use of a TDP system. The first, 
conducted by deLucia (1974), used the 
Mohawk River in New York as the focal 
point of the study. The permit system 
was designed to influence the polluting 
behavior of eight municipalities. Some of 
the most significant conclusions of the 
study are: 

The permit systems, by and large, provide for 
waste treatment at a cost level that is less than 


one-half of 1% greater than the least-cost method 
(p. 119). 
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This applies to an aggregate emission 
type target as no differentiated permits 


were considered. 


Permit costs are significant; they are often the same 
order of magnitude as treatment costs (p. 119). 


This makes the method of initial alloca- 
tion very important as a way to distribute 
costs. 


The constraint that all polluters must achieve a 
level of waste reduction equivalent to secondary 
waste treatment markedly limits the efficiency 
savings that can be achieved by a permit system 
(p. 121). 


The effectiveness of a TDP system is 
undermined when that system is com- 
plemented by additional regulations 
compelling some high minimum level of 
treatment on the part of all emitters. This 
is a very relevant concern for air pollu- 
tion since the Clean Air Act mandates 
minimum standards for certain large, 
new or modified emitting production 
facilities. Unless firms are able to violate 
those standards the cost advantages of a 
TDP system may significantly diminish. 


Hence at the high minimum level of waste reduc- 
tion called for in this model, total costs are simply 
not affected by the model’s reallocation of waste 
treatment among discharges (p. 122). 


When very high degrees of control are 
necessary, the cost reductions which can 
be expected from a TDP permit system 
are smaller because all emitters have to 
control their emissions extensively and 
there are fewer possibilities for trading 
emissions reductions. 


The dangers of market distortions and manipu- 


lations are greater with fewer participants. It is en- 
couraging to note, however, that with the eight 


%® See Kneese (1977, chap. 7) for a careful review. 
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cities of the Mohawk there appears to be little 
danger of price manipulation by a single polluter 
(p. 131). 


This provides empirical support for the 
proposition advanced earlier that the 
anticompetitive effects of a TDP system 
are not likely to be very important in 
general. 

The final study, conducted by David et 
al. (forthcoming) concerns the use of a 
TDP system to control phosphorous in- 
fluent into Lake Michigan. This simula- 
tion includes 52 large polluters and is de- 
signed mainly to show how a particular 
initial distribution of permits (allocating 
permits in proportion to average daily 
flow) affects the distribution of the permit 
costs. The study shows this particular 
allocation would result in a small net 
financial gain (from selling the permits) to 
most permit holders, a large net gain to 
one (Milwaukee) and large financial 
losses (from buying additional permits) 
to another (Kenosha). No attempt was 
made in this simulation to use an ambient 
standard so the effects of differentiated 
permits were not considered. 


V. CONCLUSIONS 


The use of a transferable discharge 
permit control system would appear to 
offer real potential for achieving our air 
quality goals at a minimum cost both in 
allocating the offsets in nonattainment 
regions and in allocating the PSD incre- 
ments in attainment regions. The current 
reforms embodied in the bubble con- 
cept and the offset policy represent sub- 
stantial moves in this direction, but they 
contain important restrictions on trans- 
ferability. How much is accomplished by 
these reforms in practice will only be 
determined after we have sufficient expe- 
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rience with them to see how constraining 
these restrictions turn out to be. 

Similarly, it would be a mistake to ig- 
nore the host of issues which must be re- 
solved if the current system is to be re- 
placed by a regularized TDP market. In 
this paper I have tried to survey those is- 
sues and what we know both theoreti- 
cally and empirically about them. What 
has emerged is not only a menu of ap- 
proaches which can be taken, but also a 
sense that the general approach can be 
usefully tailored to individual circum- 
stances. 

It has also been pointed out that the 
ultimate success of the current reforms 
as well as any potential further reforms 
will depend on future events at present 
only dimly perceived. These include legal 
issues, the development of monitoring 
instrumentation and further empirical 
work toward defining a balanced com- 
promise between administrative com- 
plexity and cost-effectiveness. 

The theoretical and empirical case for 
transferable discharge permit systems is 
extensive and persuasive; it is also in- 
complete. Simulations are suggestive, 
not conclusive; many small details that 
could serve to undermine the central 
strengths of the proposal are omitted by 
assumption from these simulations. We 
should not let the enthusiasm built up by 
these initial positive results blind us to 
potential flaws as TDP systems move 
closer to becoming operational. 
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Recent emphasis on reforms of environmental regulation has led to suggestions for strategics 
which maintain environmental standards but allow the needed flexibility and cost effectiveness. 
The transferable discharge permit (TDP) is one such strategy for water pollution control 
recently adopted in Wisconsin. In this article, the potential for substantial cost savings from 
trading TDPs is demonstrated using data on the Fox River in Wisconsin. A simulation model 
of water quality (Qual-III) and a linear programming model of abatement costs determine the 
optimum pattern of discharge. Reaching that optimum from proposed pollution abatement 
orders is shown to be feasible. Varying conditions of flow and temperature can be accommod- 
ated using trade coefficients which can be accurately estimated through interpolation. The 
calculations demonstrate the value and feasibility of flexible regulations governing water 
pollution abatement. 


|. INTRODUCTION 


The Wisconsin Department of Natural Resources approved regulations in March 
of 1981 which allow dischargers to transfer permits by approved contracts. This 
makes the Fox River in Wisconsin the first body of water in the United States where 
cost savings in abatement may be achieved using transferable discharge permits. 
This paper addresses two of the concerns exposed in the course of discussions about 
whether or not to adopt this option. 

The potential for more cost-effective regulation to modify strict control directives 
has been discussed in the economics literature starting with Crocker [1] and Dales 
[2]. The EPA has been actively discussing and developing such policies for air 
pollution control, but to date there has been no parallel concern in water pollution 
control. This paper documents the feasibility of using one option for increasing the 
cost effectiveness of water pollution regulation. 

Although the economic efficiency of the market mechanism has been recognized 
in theory [3], and has been used for the control of air pollution, it has not been used 
as a water pollution control strategy in the United States prior to its adoption in 
Wisconsin. This paper provides an evaluation of transferable discharge permits 
based on a water quality simulation model of the Fox River (Qual-II1) to determine 
water quality effects and a linear programming model to estimate cost effects. 
Similar studies of the Delaware Estuary were completed by Kneese and Bower [4] 
and by Ackerman et al. [5]. Although those studies did not explicitly evaluate 
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transferable permits, many of the political obstacles to efficient pollution control 
that were discussed by-Ackerman are addressed in the present paper, In particular, 
the case of the Fox River illustrates how a small number of governmental bodies 
were able to cooperate in the development of a cost-effective river basin manage- 
ment plan. 


i. THE SETTING 


The Wisconsin Department of Natural Resources (DNR) has classified the lower 
Fox River between Lake Winnebago and Green Bay as “ water quality limited.” This 
means that the assimilative capacity of the stream is inadequate to maintain water 
quality standards when industries and municipalities are discharging at the federal 
maximum uniform treatment requirements—best practicable treatment (BPT) for 
industries and secondary treatment levels for municipalities. The additional point 
source abatement needed to meet the water quality standards was handled initially 
by a central directive requiring proportionate reductions of effluent discharge 
(biochemical oxygen demanding wastes or BOD) starting from the federal uniform 
requirements for each discharger. The transferable permit comes into play once this 
initial allocation of daily pollution discharge has been made. 


ll. THE WATER QUALITY MODEL 


Ten pulp and paper mills and four municipalities discharge effluent into a 22-mile 
reach of the lower Fox River. The natural effluent decomposition process uses 
available concentrations of dissolved oxygen (DO) in the stream; and under condi- 
tions of low flow and high temperature this process may cause the DO levels to fall 
below the water quality standard of 6.2 mg/liter. 

As an aid in exploring alternative abatement strategies, the state water regulatory 
agency (DNR) developed a simulation model of the river which allows estimation of 
the relations between discharger and DO levels at various locations along the stream. 
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Fic. 1. Location of dams and dischargers on the lower Fox River. 
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The current version of the model, Qual-III, is a one-dimensional model that 
accounts for the most important factors influencing the levels, or prof ile, of DO ina 
flowing stream. The model simulates levels of DO, via two different rates of BOD 
decomposition, total phosphorus, organic nitrogen, ammonia, nitrates, nitrites, chlo- 
rophyll a, and sediment oxygen demand; it can be run in either a steady-state or a 
dynamic mode [6]. The accuracy with which Qual-III predicts DO levels given input 
data on flow, temperature, and BOD loadings was tested in several ways [7]. 
Comparison of Qual-III predictions with actual monitoring data and with the 
predictions of an ARIMA time-series model convinced both dischargers and regula- 
tors that the average prediction error was small enough for political acceptability. 

Preliminary simulation analyses confirmed the observation that, because of the 
location of dischargers, dams, and pools in the lower Fox, effluent discharges cause 
two local minimums or “sag points” in the levels of dissolved oxygen. Figure 1 
depicts the lower Fox showing the location of dischargers, dams, and sag points. 

Any allocation of effluent limits which results in the meeting of water quality 
standards at those sags leads to acceptable water quality throughout the river. 
Economic analysis of feasible wasteload allocations (WLAs) entails estimation of a 
2 X 14 matrix of linear impact coefficients H from the Qual-III model. H was 
generated by simulating a series of DO levels associated with increased individual 
effluent loadings and calculating the changes in the DO at the sag points. Sensitivity 
analysis confirmed the accuracy of using linear approximation to define the ef- 
fluent/water quality relationship at different combinations of stream flow and 
stream temperature [8]. In this analysis linear relations among impact coefficients 
and flow and temperature were estimated using ordinary least-squares regression 
techniques. The appropriate model was chosen by exariination of the forecast errors. 

As Table I shows, historically there have been large variations in the flow and 
water temperature of the river. These variations cause the impact coefficients to vary 


TABLE I 
Flow’ and Temperature” Data for the Lower Fox River (May 1 to October 31, 1934 to 1977) 


Standard 

Month Mean Maximum Minimum deviation 

Flow data (cfs x 103) 
May 5.596 23.6 1.200 3.783 
June 4.621 21.3 0.598 3.268 
July 3.142 16.2 0.660 2.146 
August 2.283 8.1 0.138 1.018 
September 2.452 18.0 0.544 2.013 
October 2.843 18.2 0.530 2.123 

Temperature data (°F) 
May 58.3 78.0 42.0 6.0 
June 69.9 83.0 50.0 4.9 
July TEU 87.0 66.0 3.6 
August 74.3 87.0 60.0 3.9 
September 65.8 82.0 47.0 od 
October 54.3 70.0 40.4 5.6 


Measurements taken at the Rapide Croche Dam power station. 
Measurements taken at Appleton and the Bergstrom Paper Company. 
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significantly from day to day, as illustrated in Fig. 2 for one discharger. An 
additional complication is that each of the 14 dischargers has different impact 
coefficients because their wastes decay at different rates. A system which allows one 
discharger to offset another’s pollution has to take these differences into account to 
be sure that the water quality standards are maintained under any configuration of 
permissible discharges and any set of flow and temperature conditions in the river. 

These observations, together with the knowledge that individual abatement costs 
differ among dischargers, imply that a fixed central directive is unlikely to be the 
least-cost approach to maintaining minimum water quality. 
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Fic. 2. h3,(F, T), impact coefficient for discharger 3, sag 1. 
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IV. THE ECONOMIC MODEL 


Having derived linear impact coefficients h,, for the dischargers, the abatement 
problem can be characterized mathematically as follows. Let e? represent federal 
(BPT) discharge levels, X, represent additional abatement in pounds of BOD, and q; 
represent the quantities of DO available for assimilating the effluent at the sag 
points. The effluent demand for DO at sag j/ corresponding to federal BPT 
requirements is 


a as hier (1) 


Abatement, in addition to BPT, is needed if q; > q:. Any set of abatement activities 
X, which yields 


hy Xi eahg = egee = 7) Vj (2) 


would be sufficient to achive the DO standard. 

From an economic perspective, however, it would be preferable to induce an 
allocation of abatement activities X* which solves the following “steady-state,” 
constrained cost-minimization problem: 


Min )\C,(X,) subject to (2) and X, > 0 (3) 


i 


C,(X,) is the abatement cost function for the ith discharger. This form of the 
problem implies that steady-state “worst case” stream flow and temperature condi- 
tions are used to determine H and the level of q° [9]. 

Table II provides insight into the cost minimization problem. Because of dif- 
ferences in the impact of their wastes, one discharger (No. 3) is more than three 


TABLE II 
Marginal Cost of Increases in Dissolved Oxygen at Sag j = 1 


Marginal Marginal 
abatement cost of DO 
cost increase 
Impact? “end-of-pipe” “at sag” 
coefficient CG, C/ha 
Discharger hi ($/1b) ($/0.001 mg /1) 
1 107 7.20 72 
2 189 2.10 11 
3 373 1.90° 5 
4 231 3.10 14 
5 184 1.80 11 
6 214 7.90 37 
7 101 2.60 27 


Source, Moore [8, page 32]; O’Neil [9, page 67]. 

“For F,T values 950 cfs, 80°F. 

Plant is operating at maximum abatement capacity; the numbers shown in 
the table are costs for the last unit treated. 
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times more effective in achieving increased DO than an equal abatement by another 
(No. 7). In addition, marginal abatement costs differ among dischargers by a factor 
of four. As a consequence, the cost of increasing DO at the first sag point (the 
product of the physical impact and the marginal abatement cost) varies sevenfold 
across the dischargers. This is shown in column 3. (Column 3 is also the “shadow 
price” of pollution abatement generated from the linear programming problem. It 
shows that the most effective procedure to reduce abatement cost is to assign more 
abatement activity to discharger 5 and less to discharger 1, if possible.) 

Montgomery [3] has shown that a properly specified market in effluent permits (or 
DO permits) can yield the least cost allocation as a competitive market equilibrium. 
The basic conditions of market operation are that all available DO must be allocated 
initially to permit holders in any feasible WLA scheme, and that subsequent trades 
of effluent permits must be adjusted according to the ratio of the seller’s and buyer’s 
impact coefficients so as to assure no net decrease in dissolved oxygen in the river. 
(The costs of contracting and supervising the market are assumed zero.) To bound 
the value of the market option in the case of the Fox River, H from Qual-III was 
incorporated into (2) and X* minimizing (3) was determined. This analysis generated 
estimates of the total and individual abatement costs associated with the initial 
distribution of permits, by central directive, and with X*. 

Table III, part A, presents these cost results for various water quality standards 
and stream flow and temperature (F, 7) conditions. Columns 3 and 4 list the total 
annual expenses, including capital costs, of achieving the water quality targets shown 
in column 1 under the flow—temperature conditions shown in column 2. For 
example, given a DO target of 6.2 ppm, a stream flow of 950 cfs, and water 
temperature of 80°F, annual expenditures of $16.8 million would be required with 
TDP trading allowed. Under the same conditions, the central directive, with no TDP 
market, would require expenditures of $23.6 million. Thus the TDP market could 
allow annual savings of about $6.8 million in this case for the Fox River. As can be 
seen in the table, the potential cost savings vary depending on the DO target and 
river conditions. 


TABLE Ill 
Abatement Cost (Annual Expense) 


Flow/ TDP Central 
temperature market rule 
(cfs/°F) ($ million) ($ million) 

A DO target (ppm) 
2.0 950/80 5.4 11.1 
4.0 950/80 10.3 16.1 
6.2 950/80 16.8 23.6 
6.2 1500/72 9.0 16.5 
6.2 2500/64 2.3 6.8 
B w/v" 
0.95 950/80 17.0 23.6 
0.90 950/80 Ns 23.6 
0.85 950/80 18.0 23.6 
0.80 950/80 19.3 23.6 


“DO target = 6.2 ppm, flow temperature 950 cfs, 80°F. 
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V. ADMINISTRATION OF A TDP MARKET 


The potential value of TDPs has been demonstrated by the optimization. The 
problem is to implement a mechanism for trading when 17 varies. The problem can 
be divided into two parts: estimating H for any given flow and temperature 
condition and devising a simple mechanism to ensure that the constraint (2) is met. 

Knowing that the estimation of H with Qual-III for the full range of possible river 
conditions (F, 7) would be expensive for the dischargers, we approximated H(F, T) 
by a cubic function 


h,,(F, T) = a,,+ b,F + ¢,,T + d,,F° + ¢,,FT + 8ijF? (4) 


The resulting equations fit the data well and showed no systematic forecast error 
when applied to the range of river conditions for which the approximation was 
estimated [8].? Table IV provides information on the residuals. The last two rows 
show that extrapolation to other conditions may be precarious. 

Devising a mechanism to ensure that the constraint (2) is met is somewhat more 
complex. Let X? represent the level of abatement entailed by the permit issued to the 
ith discharger before trading. The difference (X* — X/)h,; reflects the potential 
supply of DO due to i’s activities at the jth sag when the term is positive and the 
potential demand when the term is negative. A viable sale under fixed F,T of 
(X;* — X/) to buyer k implies that k may decrease abatement by 


AD (ihe xs = x?) = TER(az . XP) (5) 


TC, is the “trading coefficient” relating the two dischargers. It is clear from Eq. (4) 
that TC,, is a rational polynomial and is easily computed from 12 coefficients. 
Figure 3 depicts trading coefficient level curves for a pair of dischargers. 


TABLE IV 
|h,(F, T) — h,,(F, T)| Residuals from the Polynomial Approximation to Qual-III 


Number of observations within residual ranges (mg/l DO) 


Flow/temp* —_0.00-0.0020 0.0021-0.0040 _0.0041-0.0060 _0.0061-0.0100 > 0.0101 


A. Within sample space 


1200/68 8 2 1 2 1 
1200/76 u 2 1 2 2 
2000/68 2 4 2 1 5 
2000/76 0 4 4 2 4 
B. Outside sample space 
3000/68 1 0 1 1 11 
3000/76 0 0 1 1 12 
Total 18 12 10 9 35 


“Flow in cfs/temperature in °F, 


7A multiperiod optimization model was also developed to analyze the case of a time-varying /7 and q; 
associated with changes in F, 7. See O'Neil [9]. ‘ 
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A strategy for trading might then entail one of two alternatives: (A) Daily 
computation of (4) by--buyer and seller to assure that DO offsets are equal; (B) 
Periodic computation in which the level of trading is constrained by choosing 
TC,, = TCM,, for the likely river conditions. Augmenting k’s discharges will then 
not exceed the assimilative capacity under those conditions. Choice of an ap- 
propriate boundary trading coefficient depends on the damage expected from 
violation of the DO target. Since no explicit damage function for the Fox River 


exists, we present only an illustrative analysis of the implications of periodic 
computation of trading coefficients. 
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Fic. 3. TC, , Trading coefficient when discharger 5 buys from discharger 3. The dotted lines bound 
an area corresponding to flows exceeding the 7-day low flow in 20 years and temperatures expected to 
occur with a probability of 0.95. 
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Moore [8] has demonstrated that given the appropriate information, TCM, can 
be found and provides a computational algorithm to determine its value on a 
monthly basis. However, the limit on trading imposed by TCM, will prevent 
realization of the full benefits of X*. Some insight to this problem comes from a 
recomputation of the programming problem on the assumption that buyers have an 
impact vh,,,v > 1, and sellers have an impact wh,,,w <1. Then TCM, 
(w/v)TC,, < TC,,. While w/v can be chosen to transform TCM, into TCM,,, it is 
not the case that those values will define the TCM,.,., for another pair of traders 
i’, k’. Hence the solution of the program for a particular v, w is only suggestive of 
the limitation imposed by periodic computation. 

Table III, part B illustrates the cost effects of imposing adjustments of trading 
coefficients by the factors w/v = {0.95, 0.90, 0.85, 0.80}. These adjustments clearly 
decrease the cost savings achievable by trading permits. However, even a safety 
margin of 20% (w/v = 0.80) leaves the cost of the market solution substantially 
lower with TDPs than the initial centrally determined allocation. These results 
suggest that the market mechanism may be useful even in restricted trading 
scenarios. 


VI. CONCLUSION 


This paper demonstrates that water pollution control strategies allowing transfers 
between dischargers can be both cost effective and capable of maintaining any 
desired water quality standard. It shows that transferable permits can be used even 
in situations where the characteristics of the effluent differ between dischargers and 
the river conditions vary. The conclusion is that a regulatory system which does not 
permit and encourage transfers is substantially and needlessly costly. Transferable 
permits appear to be as appropriate for national water quality as offsets and bubbles 
have been for air policy. Those interested in regulatory reforms would do well to 
encourage the development and adoption of these options. 

To summarize, there is no obstacle to trading permits even when the permit itself 
varies in proportion to the assimilative capacity of the river. The most straightfor- 
ward method of trading, a daily trade, requires that buyer and seller make an 
elementary calculation to determine their permitted discharge. Variants of the daily 
trade might be the sale of a specified percentage of the seller’s permit. Such an 
arrangement would imply that the seller would need to reduce the level of the initial 
permit by a fraction while the buyer would apply the relevant trading coefficient to 
that fraction to determine his permitted discharge. Since both buyer and seller need 
to review permitted levels of discharge on a daily basis in any case, trading adds 
flexibility without an excessive increase in administrative complexity. Although use 
of a permit market does imply increased information requirements for dischargers, 
conversations with managers have revealed that in the relatively simple market 
structure of the Fox River transactions costs are not expected to be large in 
comparison with the potential abatement cost savings. For other cases the design of 
the market may not be so simple. Clearly the choice of trading rules and particularly 
the size of the trading area will crucially affect the cost of administering and using 
the market. Since the potential transactions costs associated with the Fox River 
market were not estimated explicitly, the Wisconsin DNR wrote the relevant 
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administrative rules so that dischargers have the option to trade permits or not as 
they see fit. The optional nature of the system was sufficient to neutralize most 
political arguments opposing the experiment (see Acknowledgments). 
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In evaluating current environmental protection policy, economists often note that current 
regulations are more costly than necessary to meet environmental quality standards. While the 
a priori case is strong that current regulatory approaches are resulting in higher-than-necessary 
costs to attain environmental standards, there is relatively little empirical evidence to support 
this claim. The purpose of this paper is to supply some of the missing evidence by presenting 
the results of one study that assesses some of the potential savings associated with implement- 
ing economic, rather than command-and-control, regulatory approaches to abate one type of 
air pollution in one region of the country. Specifically, the paper examines the costs of meeting 
a prospective short-term standard for nitrogen dioxide under a range of alternative emissions 
control strategies for stationary sources of nitrogen oxide emissions in the Chicago Air Quality 
Control Region. The alternative strategies that are considered range from those that might 
result under current regulatory policy to those that economic policy approaches (such as 
emissions charges or marketable permits) are designed to implement. The analysis shows that 
the most efficient program of emissions controls may be more than an order of magnitude less 
costly than current regulatory strategies, and that economic approaches have additional 
advantages over more conventional regulatory approaches. 


1. INTRODUCTION 


In their evaluation of current environmental protection policy, economists have 
sometimes noted that current regulations are far more costly than strictly necessary 
to meet environmental quality standards.” This conclusion derives, in part, from the 


“Correspondence should be addressed to: Seskin, BE-52, Bureau of Economic Analysis, U.S. Depart- 
ment of Commerce, Washington, D.C. 20230. 

"A more detailed and technical presentation of the analysis may be fcund in [2]. In preparing that 
study, the authors benefited from the patient and constructive criticism from a number of people 
including David Tundermann, the Technical Monitor, as well as Allen Basala, Tayler Bingham, Alan 
Carlin, Alex Christofaro, Toby Clark, John Hoffman, Barbara Ingle, Skip Luken, Willard Smith, Paul 
Stolpman, and Larry White. The study was subsequently used by EPA together with additional work in 
(10). The empirical work reported in the present paper reflects additions made by EPA in the Report to 
Congress; however, it should not be inferred that EPA necessarily endorses the conclusions expressed in 
the present paper, Any errors are, of course, the responsibility of the current authors. The Opinions and 
conclusions expressed in this paper are not necessarily those of the organizations with which the authors 
are affiliated. 

*See, for example, Kneese and Schultze [5]. 
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observation that regulations often fail to exploit opportunities for polluters to reduce 
costs while achieving required emissions standards. 

The causes adduced for this failure are many. For example, the procedural 
requirements of current regulatory approaches result frequently in protracted seri- 
atim (source-by-source) negotiations. The standards ensuing from this process are 
unlikely to reflect a careful balancing of abatement costs with abatement effective- 
ness. Additional impediments may be imposed politically by legislated environmen- 
tal laws, especially in cases where little scientific support was available. As a result, 
sources may be required to adopt specific emissions standards based on proven (or 
potential) technologies and processes. This, in turn, leaves sources with little incen- 
tive to exceed mandated requirements. 

While the a priori case is strong that current regulatory approaches are resulting in 
higher-than-necessary costs to attain environmental quality standards, there is 
relatively little empirical evidence to support this claim. One previous study under- 
taken by Atkinson and Lewis [3] employed data for the St. Louis Air Quality 
Control Region (AQCR) to look at alternative strategies to control particulate 
emissions from 27 major sources of air pollution. Using a somewhat simplified 
version of the methodology applied in this study, it was found that an air quality 
control strategy representative of those developed by states in preparing State 
Implementation Plans (SIPs) was six to ten times as costly as a strategy designed to 
achieve a prescribed ambient particulate standard at minimum cost. 

The purpose of this paper is to supply further empirical evidence of how economic 
measures could be used to control stationary-source air pollution emissions. Specifi- 
cally, the paper examines the cost of meeting a prospective “short-term” standard 
for nitrogen dioxide (NO,) under a range of alternative emissions control strategies. 
An “emissions control strategy” refers to any plan specifying emissions limitations 
to be achieved by the specific sources in a region. The alternative strategies that are 
considered range from those that might result under current regulatory policy to 
those that economic policy approaches are designed to implement. The results are 
strikingly similar to those of Atkinson and Lewis [3]: The most efficient program of 
emissions controls may be more than an order of magnitude less costly than controls 
corresponding to current regulatory strategies. Furthermore, economic approaches 
have several inherent advantages over more conventional regulatory approaches for 
implementation. 


2. METHOD OF ANALYSIS 


In proceeding with the analysis, the first question to be answered is: What effect 
does a control strategy have on ambient concentrations of NO,? In addressing this 
question, it is taken as given that an acceptable plan must be effective in meeting 
and maintaining an ambient short-term, 1-hour standard for NO,.4 The second 


3Short-term here refers to an air quality standard based on pollution concentrations averaged over a 
period of one hour, The EPA has been evaluating alternative short-term, |-hour NO), standards in the 
range of 250 to 1000 g/ny because of potential adverse health effects from corresponding exposures. 

411 should be noted that the results of this analysis will differ according to the standard that is finally 
set (see below). Furthermore, if the environmental objective was maintenance and attainment of a 
long-term standard based on annual average concentrations, the conclusions would be expected to change 
because elevated concentrations of NO, during short averaging periods occur only sporadically. 
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question to be addressed is: What effect does the choice of strategy have on the costs 
of controlling nitrogen oxides? In answering this question, primary emphasis is on 
the costs incurred by polluters to control their emissions; however, consideration is 
also given to the costs incurred by polluters to administer their programs and to 
monitor their emissions as well as costs incurred by the public sector to administer, 
monitor, and enforce programs. 


The Analytical Model 


The starting point of the analysis of plans for the control of stationary-source 
emissions of nitrogen oxides is an examination of alternative emissions control 
strategies and their effects on the control expenditures necessary to achieve a 
specified ambient short-term, |-hour NO, standard. Basically, the approach used for 
this exercise involves the application of a mathematical programming model to the 
problem. 

The specific type of mathematical programming model adopted for the analysis 
was an integer programming model. This model is basically a variation of what is 
known in operations research as the Knapsack Problem.° 

The basic elements of the programming model are as follows: 


e Emissions—£E, > 0 representing nitrogen oxide emissions of the i" source 


t 
using control technology level k. 
¢ Cost functions—C; (£;,) > 0 representing the costs of controlling emissions at 


the i" source using control technology level k. 


Given these elements, the model estimates the total technological costs of emis- 
sions controls across all N, sources: 


N, 
L C,(4,,) 


i=l 


and the corresponding |-hour ambient concentrations of NO, at each of N, recep- 
tors: 


N. 


Digib eel loa 
pax 


where d, , is the contribution of the i source (with control technology level k in 
place) of nitrogen oxide emissions to concentrations of NO, at the j"" receptor. 
Using this notation, the least cost optimization problem can be characterized as: 


N. 


minimize )- Git E, ) 
i=! 
‘N, 
subject to) d, Ei, <Q j=1,...N,, 


F 
i=1 


>See, for example, Senju and Toyoda [7], Toyoda [8], arid Zanakis [12]. 
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where Q > 0 represents the short-term NO, air quality standard that must be met at 
each of N, receptors. ~ 

For each strategy analyzed, the model simultaneously produces two types of 
estimates. It computes the total costs of emissions control of nitrogen oxides for all 
sources On an annual basis. This provides a means for comparing strategies on the 
basis of these costs. At the same time, it calculates the l-hour ambient NO, 
concentrations that would result at each receptor. This provides a means for 
comparing the strategies on the basis of effectiveness in reducing pollution. 


The Data 


The analysis was performed using data characterizing the Chicago Air Quality 
Control Region (AQCR) which represents an area approximately 150 by 80 kilome- 
ters and includes the following counties: Cook, Lake, Dupage, McHenry, Kane, and 
Will. Chicago was selected not only because data were available, but also because 
peak I-hour NO, levels in Chicago were among the highest concentrations observed 
in any urban area of the United States (9, pp. 22-27]. 

Because only four continuous monitors of nitrogen oxides existed at the time of 
the study in the Chicago AQCR, it was necessary to develop an air quality 
assessment model to evaluate further the extent of the short-term NO, problem in 
the region. For this purpose, a multiple point- and area-source model known as 
RAM was used.° To implement, the model requires data on point sources, area 
sources, mobile sources, and meteorological conditions. 

Point-source information for the Chicago AQCR was obtained and augmented 
with data from EPA’s National Emissions Data System (NEDS) point-source subfile 
and from the Illinois EPA.’ For each point source, data included: location, level of 
nitrogen oxide emissions and associated activity (capacity of unit, hours of operation 
per year), and characteristics of emissions point (stack height and diameter, exhaust 
gas temperature and volume). When required data were unavailable, default values 
typical of normal operating practice were used. Area-source data on small stationary 
sources emitting less than 10 pounds per hour of nitrogen oxides and mobile-source 
data primarily on automobiles were apportioned to 634 five-kilometer-square grid 
cells and entered into the area-source subroutine of RAM. Meteorological data on 
wind direction, wind speed, stability class, and mixing height were obtained from the 
National Weather Service and covered stations located in Greenbay, Peoria, Flint, 
and Dayton. 

In addition to the above information, receptor locations were selected to “moni- 
tor’ the impact of nitrogen oxide emissions across the Chicago AQCR. Their 
locations were difficult to determine because the pollution concentration at any 
point is a complex function of meteorological parameters, source locations and 


®RAM is an EPA-approved, Gaussian steady-state model capable of predicting short-term ambient 
concentrations of relatively stable pollutants from multiple point and area sources. Since NO) is primarily 
a secondary pollutant formed by oxidation of nitric oxide (NO), a dynamic model of NO) formation was 
developed and used in conjunction with RAM to predict nitrogen oxide concentrations at receptors due to 
point sources and to translate them into NO) concentrations. 

7Specifically, 472 point sources in 1975 were “ updated” to 534 sources in 1984, “Point source” here is 
equivalent to a source classification code (SCC) source. Thus, several “point sources” may be found in a 
given plant. Since EPA deemed 1984 as the earliest possible date for implementing a short-term NO, 
control strategy, EPA “updated” the 1975 source inventory to represent 1984 conditions; see [10, p. A2]. 
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emissions, source overlaps, and so on. Several preliminary analyses revealed the 

presence of two distinct types of point sources: (1) large plants with tall stacks such 

as power plants, and (2) plants with a large number of smaller sources with short 

stacks such as steel mills and refineries. It was found that the diffusion characteris- 

tics of emissions from the second category were similar to those of area sources and 

that together these sources were the dominant cause of high short-term NO, 

concentrations in Chicago. Thus, for the final analyses, 200 high-impact receptors 

selected by RAM, along with approximately 400 other receptors “blanketing” the 

region were used. 
Finally, information on specific nitrogen oxide control technologies and their 

associated costs was needed. EPA has identified roughly three hundred separate 

source categories that emit nitrogen oxides. Nine such categories were sufficient to 

characterize the important point sources in the Chicago AQCR. These were: 

Utility Coal-fired Boilers 

Utility Oil- and Gas-fired Boilers 

Industrial Coal-fired Boilers 

Industrial Oil- and Gas-fired Boilers 

Gas Turbines 

Large Internal Combustion Engines 

Industrial Process Units 

Nitric Acid Plants 

Municipal Incinerators 


De GG be OL Se 


For purposes of the analysis that follows, the control technologies applicable to 
these sources can be categorized in terms of combinations of the following tech- 
niques: combustion process modification, fuel modification, removal of nitrogen 
oxides from stack gases (flue gas treatment), and alternative combustion processes. 
The costs of implementing these controls as well as their effectiveness in terms of 
reducing emissions of nitrogen oxides were estimated by using data from a number 
of sources. Information on source size was used to estimate capital costs, while 
information on source utilization (annual hours of operation) was used to estimate 
operating and maintenance costs.® It is important to note that most of these data 
were based on engineering analyses of hypothetical plants with only limited “field” 
experience; hence, the actual cost-effectiveness of these control technologies could 
vary by a wide margin when applied to individual sources. 


3. COMPARING CONTROL STRATEGIES 


The relative efficiency (measured in terms of annual emissions control costs) and 
effectiveness (measured in terms of resulting ambient concentrations) of four basic 
emissions control strategies were compared. The strategies were: 


1. No Control Baseline—which considers only those emissions controls already 
in place. 


*The interested reader is referred to chapter 2 of [2] for further details. 
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TABLE |} 
Analysis of Alternative Emissions Control Strategies for C hicago 


Number of 
receptors in Areawide point- Annual 
Number of violationof source emission control costs 
sources 250 g/m’ rate reductions (millions 


Strategy controlled standard (percent) of dollars) 
No Control Baseline 0 36 0 0 
SIP (State Implementation Plan) 472 0 21 130 
Least Cost 100 0 3 ) 
Source Category Emissions Controls 472 0 18 66 


2. SIP (State Implementation Plan)—which requires similar categories of major 
polluting sources to meet specific technology-based uniform levels of emissions 
control. 


3. Least Cost—which establishes emissions limits by source based on each 
source’s control costs and impact on ambient air quality. 


4. Source Category Emissions Controls—which establishes uniform emissions 
limits for each source category consistent with the air quality objective. 


The results of the comparison of these strategies are reported in Table 1. 


No Control Baseline 


To analyze this case, the model was run under the assumption that no new 
emissions controls were put in place. That is, the 1975 source inventory characteris- 
tics updated to 1984 conditions (see Fn. 7) were adopted.’ As can be seen from 
Table 1, 36 of the receptor locations used in the final analysis indicated potential 
violations of a 250 pg/m? short-term, 1-hour NO, standard. Since no new emissions 
controls were added it was assumed that no further reduction in nitrogen oxides 
emissions would take place and no additional costs would be borne under this 


strategy. 


SIP (State Implementation Plan) 


This strategy, which simulates the “traditional” approach to pollution control,'° 


applies the highest level of emissions control to al/ sources in the three source 


°Presumably, these characteristics account for any existing pollution controls required to ensure 
attainment of the current annual standard for ambient concentrations of NO). 

'01f EPA promulgates a short-term NO, standard, many existing State Implementation Plans (SIPs) 
would have to be revised. Such revisions would involve state regulations prescribing emissions limitations 
for specific source categories and timetables for compliance. Under the Clean Air Act, states are allowed 
nine months after a standard is issued to develop their plans, which must demonsirate attainment within 
three years. Until the area attains the standard, the applicable emissions regulation for an existing source 
is termed Reasonably Available Control Technology (RACT) and for a new source it is termed Lowest 
Achievable Emissions Rate (LAER) achieved in practice for that source category, or the most stringent 
emissions limitation contained in any SIP (whichever is more stringent). 
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categories that were the major stationary-source polluters in Chicago. The three 
source categories were: industrial coal-fired boilers, industrial oil- and gas-fired 
boilers, and industrial process units. Table 1 indicates that for this simulation, 
controls were placed on 472 sources in these categories, and that these controls were 
sufficient to attain the ambient standard at all receptor locations. It can also be seen 
that areawide point-source emissions rates would be reduced by 21% under this 
strategy. The incremental costs associated with implementing SIP (over and above 
the No Control Baseline) were estimated to be $130 million per year. 


Least Cost 


The Least Cost strategy was found by using the programming model described in 
Section 2 to find a set of emissions controls that simultaneously minimize control 
costs and meet the short-term 1-hour NO, standard at all receptor locations. By 
definition, under the Least Cost strategy, no receptors would be in violation of the 
250 g/m standard. Furthermore, as seen in Table 1, only 100 of the point sources 
would require emissions controls over and above those controls associated with the 
No Control Baseline. These emitters were all from the three most polluting source 
categories noted above: industrial coal-fired boilers, industrial oil- and gas-fired 
boilers, and industrial process units.'' It is also interesting to note that a reduction of 
only 3% in the areawide emissions rates would be sufficient to attain the short-term 
standard at all receptor locations. Finally, it can be seen that the annual costs 
associated with the Least Cost strategy were estimated to be only $9 million more 
than the No Control Baseline. 


Source Category Emissions Controls 


This strategy requires the application of a uniform set of emissions controls across 
all sources in a particular source category. As such, it circumvents the need for the 
source-by-source emissions limitations necessary to implement the Least Cost option 
and represents a relatively sophisticated use of current regulatory planning methods. 
The emissions control level specified for a given source category was that control 
level—for example, dry selective catalytic reduction (flue gas treatment)— required 
to ensure that no emitter in the class would violate the short-term, 1-hour ambient 
standard at any receptor.'* Again, the three source categories requiring controls 
were: industrial coal-fired boilers, industrial oil- and gas-fired boilers, and industrial 
process units. As defined, under this strategy all receptors would be in compliance 
with the short-term, l-hour NO, standard. The reduction in areawide emissions rates 
was estimated to be 18% and the total control costs were estimated to be $66 million 
annually over and above the No Control Baseline (see Table 1). 


"Tt should be stressed that this docs not mean that other sources were not contributing to violations of 
the short-term, |-hour standard, only that it was not cost-effective to control those sources. 

"Note, this differs from the SIP Strategy in that it does not require that the most stringent control 
fevel be applied to each source category in question. 
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Summary of Findings 


The preceding analyses demonstrate that abatement strategies designed to exploit 
differences in sources’ emissions control costs as well as associated meteorological- 
dispersion characteristics are significantly less costly than those that do not account 
for such factors. For example, the results for Chicago indicate that a Least Cost 
Strategy is less than one-tenth as costly as a strategy that reflects a more traditional 
regulatory approach (SIP) and less than one-seventh as costly as a Strategy that 
represents a relatively sophisticated version of current regulatory approaches (Source 
Category Emissions Controls). In absolute terms, a policy that would lead to the 
adoption of a scenario approximating the Least Cost strategy to meet a short-term, 
1-hour NO, standard could save more than $100 million annually in technological 
control costs in the Chicago Air Quality Control Region alone. 


4. IMPLEMENTATION: POLICY INSTRUMENTS AND RELATED 
ISSUES 


It would be premature to conclude that the less costly strategies described would 
necessarily be superior in practice to more traditional regulatory approaches. This 
follows from the fact that the policy instruments needed to implement the less costly 
strategies may be unavailable because of legal or political constraints, or may be so 
costly to administer as to offset the potential savings in emissions control costs. One 
category of policy instruments—emissions charges—can be examined briefly to shed 
more light on these issues.'? In doing so, alternative emissions charge plans will first 
be described. This will be followed by an examination of informational require- 
ments, their associated costs, and some legal considerations. 


Alternative Emissions Charge Plans 


The results of a mathematical programming analysis of the type discussed above 
can be used to formulate emissions charge schemes. In particular, charges were set at 
the minimum amounts required to ensure that the ambient standard would be 
achieved at all receptors when the sources acted in their economic self-interest to 
minimize the sum of annual control costs plus charge payments. It should be noted 
that the charges were applied to emissions rates rather than simply to emissions. This 
is necessary because a charge scheme based on total emissions would not ensure 
attainment of a 1l-hour standard since sources could reduce their charge liabilities 
simply by reducing their hours of operation without reducing their rate of emissions. 
The resulting source-by-source charge levels (and the associated annual liabilities for 
charge payments) were found to vary considerably by source. Total annual liabilities 
for the charge payments amounted to $4 million or almost 50% of the total control 
expenditures estimated under the Least Cost option. 


'3No explicit consideration is given here to a system of marketable emissions permits for implement- 
ing efficient control strategies. However, such policy instruments were analyzed in [2, Chapter 7] and in 
{10}, and were shown to have many favorable attributes and in some ways were thought to be easier to 
implement and superior to emissions charge systems. 
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TABLE 2 
Effects of Alternative Charge Systems for Chicago 

Annual Annual — Annual control 
Areawide point- control charge costs -F charge 

Number of source emissions costs payments payments 

sources rate reductions (millions (millions (millions 

Plan controlled (percent) of dollars) of dollars) of dollars) 


Least cost (source-by-source) 

charge levels 

(see text) 100 3 © 4 13 
Uniform charge 

levels ($15,800 per 


year per pound per our) 534 84 305 414 719 
Source category 
charge levels* 472 18 66 89 155 


“Industrial coal-fired boilers = $15,800 per year per pound per hour; industrial oil- and gas-fired 
boilers = $15,300 per year per pound per hour; and industrial process units = $3500 per year per pound 
per hour. 


The marked differences in charge levels and liabilities together with the preceding 
comparison of control strategies reaffirm that a system based on uniform treatment 
of sources or even uniform treatment by source classification is not consistent with 
the implementation of an efficient control program. Nevertheless, it is recognized 
that there may be practical difficulties in implementing a system in which “seem- 
ingly similar” sources are treated differently.' 

In order to more fully explore the “excess” control costs associated with establish- 
ing more uniform charge systems, two alternative schemes were examined. Under the 
first system, denoted the Uniform Charge plan, a single charge level was levied on all 
sources. The magnitude of the charge was set at the lowest amount that would 
ensure compliance with the short-term, l-hour NO, standard at all receptors. That 
amount was equal to $15,800 per year (per pound of nitrogen oxides per hour). 

Under the second system, designated the Source Category Charge plan, three 
different charge rates were set, one for each of the three source classes that were 
controlled under the Least Cost strategy.'° The magnitudes of these charges were set 
equal to the highest average annual control costs (per pound of nitrogen oxides per 
hour) in each source category under the Least Cost option. The resulting charge 
levels were $15,800 per year (per pound of nitrogen oxides per hour) for industrial 
coal-fired boilers, $15,300 for industrial oil- and gas-fired boilers, and $13,500 for 
industrial process units. 

Table 2 presents the results of implementing these alternative schemes together 
with the basic results from the Least Cost Charge plan (described above). As can be 
seen, the Uniform Charge plan is associated with estimated nitrogen oxide emissions 


14 ae aoe : 
For example, it is quite conceivable that the Least Cost strategy would require two plants producing 
competing brands of the same product to meet substantially different emissions limitations because their 
locations (and impacts on ambient air quality) differed. 
; : Sy een 
°The reader will note similarities between the Source Category Charge plan and the Source Category 
Emissions Control strategy discussed above. 
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rate reductions of more than 80% below the levels corresponding to the Least Cost 
Charge plan, but estimated annual emissions control costs exceed the costs under the 
Least Cost Charge plan by almost $300 million; annual charge payments are $410 
million greater. Under the Source Category Charge plan, emissions rates are reduced 
by approximately 15% below the levels corresponding to the Least Cost Charge plan 
but estimated annual emissions control costs are about $57 million greater than 
those associated with the Least Cost Charge plan and annual charge payments are 
about $85 million greater. Thus, while the more uniform plans do reduce nitrogen 
oxide emissions rates substantially below emissions rates under the Least Cost 
Charge plan, these reductions are exceedingly costly and represent overcontrol in 
that all figures are based on minimum charge levels necessary to ensure attainment 
of the short-term, 1-hour NO, standard. At the same time, the Least Cost Charge 
plan appears to impose the smallest overall burden on sources (and ultimately 
society). 


Informational Requirements, Associated Costs, and Legal Considerations 


As alluded to above, it is sometimes suggested that despite possible Control cost 
Savings associated with economic approaches to pollution control, implementation 
costs of such approaches would more than offset the potential savings. Therefore, it 
is useful to explore the feasibility and costs of implementing these approaches. 

The Appendix details estimates for the range of administration, monitoring, and 
enforcement (AME) activities required to implement a regulatory system and a 
charge system in Chicago. There it is shown that the costs directly attributable to the 
administration, monitoring, and enforcement of a charge system to control sta- 
tlonary sources of nitrogen oxide emissions are of the same order of magnitude as 
the costs associated with implementing an effective regulatory policy.'® The main 
reason for this is that effective regulation is likely to involve more investigation, 
negotiation, and litigation than would an equally effective incentive system. At the 
same time, it is recognized that existing legislation may need to be amended 
explicitly to allow implementation of such incentive systems. Nevertheless, it does 
not appear that legal considerations pose serious barriers to the implementation of 
economic approaches to pollution control such as emissions charge systems. While 
such approaches and the requisite supporting legislation represent a somewhat new 
regulatory framework and, as such, have not been fully tested in the courts, a 
thorough examination of the possible legal bases for implementing these types of 
economic inventive systems led one study to the conclusion that “[mJany different 
sources of government power could be invoked to legitimatize the legislature’s 
imposition of charge plans,...” [1, p. 144]. 


5. CONCLUSIONS 


The quantitative analysis of emissions control strategies for Chicago shows that 
approaches designed to account for differences in sources’ incremental costs of 


'6While the cost estimates forming the basis for this conclusion are, at best, approximate, it is unlikely 
that further refinement would change the qualitative results. 
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controls and incremental contributions to ambient pollution concentrations can 
achieve a short-term ambient NO, standard at significantly lower costs than strate- 
gies that do not account for these differences. While acknowledging some of the 
practical difficulties in implementing such strategies as well as legal and political 
considerations, these problems do not appear to be insurmountable. 

The analysis also suggests that emissions charge plans can provide profit-and-loss 
incentives to firms sufficient to induce the degree of emissions controls required to 
attain the short-term NO, standard in an economically efficient manner. Further- 
more, a charge system provides an effective stimulus to the development and 
application of new emissions control technology. This, too, is an important practical 
advantage of the emissions charge approach. It is especially apparent if one 
recognizes that in the simulation study of Chicago, the emissions control technolo- 
gies required to meet a short-term, I-hour NO, standard of 250 pg/m were 
technologies that are only projected to become available (at the earliest) between 
1981 and 1985. Clearly, efficient and effective environmental policy must provide 
incentives for technological development, and economic approaches—in the form of 
emissions charges or marketable emissions permits—do exactly this. Taken as a 
whole, then, the magnitude of the potential cost savings associated with simulating 
such a system in only one region, together with the attributes just noted, appear to 
provide adequate justification for further experimentation and analysis of economic 
approaches to control environmental pollution. 


APPENDIX: ADMINISTRATION, MONITORING, AND 
ENFORCEMENT ESTIMATES FOR THE CHICAGO AQCR 


To effectively implement the economic strategies described above, the regulatory 
authority must know sources’ emissions rates, the impact of these emissions on 
ambient air quality, the effects of abatement controls on emissions, and the costs of 
these controls.'’ One of the most important aspects concerning these informational 
requirements is the ability of existing monitoring techniques to provide adequate and 
reliable data. It appears that technically adequate nitrogen oxide emissions moni- 
toring systems are currently available at a cost that is considerably smaller than the 
total costs of abatement associated with meeting a short-term, l-hour NO, standard 
of 250 »g/m’.'* This is true even under the Least Cost emissions control strategy in 
which the average annual control cost per controlled source is approximately 
$90,000 ($9 million divided by 100; see Table 1). Under the conservative assumption 
that each controlled source would require a separate monitoring system,'? annual 
monitoring costs were estimated to be on the order of $25,000 per source. 

It was also noted that under any policy approach to pollution control, sources will 
bear the burden of some costs of monitoring and reporting their emissions. Thus, 
one would not expect the costs of these activities to differ very much between a 


'7While it has been discussed in the theoretical literature that a regulatory agency could achieve air 
quality objectives under a “standard-and-charges” program without knowledge of sources’ control costs 
by adjusting charge rates until the desired objectives were achieved: (see, for example, [4, p. 144]), in 
practice, the rigiditics imposed by economic, political, and legal constraints make this seem unlikely. 

"For details sce [2], especially Section 2.5. 

'°The assumption is conservative in that many sources are co-located and could therefore share some 
or all parts of the monitoring system, 
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TABLE 3 
Administration, Monitoring, and Enforcement Estimates for the Chicago AQCR 
Regulatory system Charge system 
gs thousands of thousands of _ 
Activity Person-years dollars Person-years dollars 
Initial (one-time) efforts: - : ; 
Dispersion modelling 0.24 5 0.24 5 
Determining emissions control 
cost functions — a 0.32 6 
Equipment expenditures — 150 — 150 
Total 0.24 155 0.56 161 
Recurring (annual) efforts: 
Administration 26 to 30 376 to 445 29 to 37 370 to 489 
Monitoring 9 to 15 104 to 207 8 to 15 108 to 207 
Enforcement 27 to 110 441 to 1950 19 to 44 280 to 631 
Total 62 to 155 921 to 2602 56 to 96 758 to 1327 


“ All expenditures in 1978 dollars. Salary information was obtained from [11, p. 40]; estimates do not 
include overhead and fringe benefits. 


regulatory approach and one based on an economic approach such as an emissions 
charge plan. The main difference would be related to some additional accounting 
and record-keeping activities necessary under a charge system. Following an ex- 
amination of alternatives for carrying out these activities, it was concluded that they 
could be relatively easily and inexpensively integrated into the hardware and 
software associated with emissions monitoring systems that would be required under 
conventional regulatory approaches. Specifically, the incremental annual cost was 
estimated to be on the order of, at most, $2500 per source.”° 

Table 3 details the complete personnel and cost estimates for the range of 
administration, monitoring, and enforcement (AME) activities required to imple- 
ment a regulatory system and a charge system in Chicago. Note that there are 
essentially two stages of effort. Initially, estimates of transfer coefficients (the d;, , 
described on p. 114), background concentrations of pollutants, and (in the case of a 
charge system) engineering-based emissions control cost functions would be derived. 
Subsequently, there would be less intense, on-going efforts to improve this informa- 
tion as well as the recurring costs associated with operating the systems. 

These estimates were derived by using the format developed in an EPA “ manpower 
planning model” [6]. However, since the model focuses only on state and local 
agencies, it was necessary to include supplementary information on Federal involve- 
ment.?! Specifically, it was found that in the Chicago AQCR, a major portion of 
Federal activity involves case development; that is, bargaining and negotiating with 
sources on acceptable compliance schedules. Since sources can realize substantial 
economic benefits from delaying compliance, they often challenge agency-desired 


20Details on system configurations and estimated development and system costs can be found in 
Section 6.8 of [2]. 

2\Much of this information was obtained through conversations and correspondence with Tom 
Donaldson, USEPA, Control Program Section, Research Triangle Park; Ron Shafer, USEPA, 
Washington, D.C.; Pat Reape, Enforcement Division, USEPA, Region V; Wayne Jones, Division of Air 
Pollution Control, inois EPA; and Mr. Kason of the Department of Environmental Control, City of 


Chicago. 
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control techniques or the time frame for compliance. Thus, the agency must have 
resources available for intensive negotiating sessions as well as for courtroom 
appearances in formal legal proceedings. It was estimated that such activities could 
require between 7 and 45 person-years at a cost of between $100,000 and $700,000 
annually.2* The estimated range of total AME costs under a regulatory system were 
$900,000 to $2.6 million annually, with personnel effort ranging between 62 and 155 


person-years. 
The specific charge system used in the development of corresponding AME costs 


estimates was based on the Least Cost Charge plan discussed above. Again, 
calculations were made using the framework in the EPA manpower planning model. 
Table 3 indicates that a Least Cost emissions charge program could be implemented 
in the Chicago AQCR with AME costs running between $750,000 and $1.3 million 
annually and with personnel effort ranging between 56 and 96 person-years.” 
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This paper explores the efficiency properties of a system of effluent fees in a mixed economy in 
which polluting agents take a variety of organizational forms: private monopoly, the managerial 
firm, regulated firms, and public bureaus. The analysis, including some crude empirical estimates, 
suggests that the welfare gains from pollution control are likely to dwarf in magnitude the 
potential losses from the various imperfections in the economy. The tentative conclusion is that 
the case for a system of fees that is invariant with respect to organizational form is not seriously 
compromised by likely deviations from competitive behavior. 


1. Introduction 


The formal analysis of a Pigouvian tax on polluting activitics typically 
proceeds in terms of perfectly competitive firms whose productive pursuits 
impose external costs on other agents in the economy. Morcover, the 
optimality properties of the Pigouvian measure depend upon this assumption 
of perfect competition. A cursory inspection of the real world, however, 
reveals ihat the major sources of pollution encompass a wide variety of 
institutional structure. The public sector, for example, is itself a major 
polluter [see Oates and Strassmann (1978)]. Municipal waste-treatment 
plants dump enormous quantities of wastes into our waterways, and 
publicly-owned power plants are heavy contributors to air pollution. The 
largest single sulfur polluter in the United States is the Tennessee Valley 
Authority (TVA), which accounts for 16 percent of sulfur emissions in the 
nation [see King (1977)]. In addition, private but publicly-regulated firms 
(including utilities that provide electrical power) are among the very largest 
of polluters. Finally, many of the large factories that emit massive quantities 
of wastes are owned and operated by huge firms in highly concentrated 

*We are grateful for many helpful comments on earlier drafts of this paper to Peter Altroggen, 
William Baumol, Richard Caves, Robert Dorfman, Joseph Kalt, Margaret Lewis, Robert 
Mackay, Albert McGartland, Lee Preston, Eugene Seskin, Jeffery Smisek, and anonymous 


referees. We are also indebted for the support of parts of this work to the National Science 
Foundation and the Sloan Foundation. 
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industries like stcel, chemicals, and automobile manufacturing. The 
application of the competitive model with its myriad of small firms acting as 
price-takers is thus suspect for many classes of polluters. 

The economic analysis of market incentives for pollution control must, 
therefore, push beyond the simple competitive model. We must ask how 
polluters with widely varying sets of objectives are likely to respond to these 
incentives. In this paper, we seck to determine what some standard models of 
organizational behavior tell us about how decision-makers in different 
institutions would respond to the introduction of a set of effluent charges.’ 
We then use these results to evaluate the implications of these responses for 
efficient resource allocation, taking explicit account of the distortions that 
market imperfections, bureaucratic behavior, and public regulation of private 
firms themselves introduce. 


2. The problem of ‘allocative efficiency’ 


2.1. The conceptual issue 


We begin the analysis with the standard monopoly model under which a 
profit-maximizing firm has some discretion over the price it charges for its 
output. We assume that the firm has a production function of the form: 


Q=Q(L, F), (1) 


where L (which we shall call ‘labor’) represents a vector of all inputs other 
than FE, the firm’s level of waste emissions. We thus treat the source of 
pollution, namely waste emissions, as a productive input from the perspective 
of the firm. If factor markets are perfectly competitive and if the 
environmental authority confronts the firm with a Pigouvian charge on its 
emissions equal to marginal social damage (MSD), it follows that the firm, in 
the process of minimizing its costs, will select what from society’s point of 
view is the cost-minimizing combination of factor inputs for whatever level of 
output it chooses. In short, cost-minimizing behavior ensures ‘technical 
efficiency’ in the use of all inputs including the services of the environment. A 
corollary is that, for the case where units of emissions from all sources are 
equally damaging, a uniform effluent fee will lead cost-minimizing polluters 
to equate their marginal abatement costs and hence to achieve the desired 
level of environmental quality at the minimum aggregate abatement cost (our 
‘least-cost theorem’). 


'The analysis also has relevance for systems of marketable pollution permits. However, it 
would need to be extended to account for any imperfections in the permit market itself [Hahn 
(1981)]. The assumption here is that, under a system of effluent fees, individual polluters take the 
fee structure as given. 
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The problem in this case concerns allocative distortions in the pattern of 
final outputs. As Buchanan (1969) has pointed out, the monopolist’s sub- 
optimal level of output is the source of a basic dilemma for the formulation 
of policy to regulate externalities. An effluent fee provides an incentive for 
needed pollution abatement, but, at the same time, raises the firm’s marginal 
cost and thereby induces a reduction in output. The result is some gain in 
efficient resource allocation from reduced waste emissions, but some loss in 
efficiency from the contraction in output; the net effect on social welfare is 
uncertain. In short, an effluent fee (Pigouvian or otherwise) may represent 
too much of a good thing. 

The analysis must, therefore, take explicit account of Buchanan’s tradeoff 
between pollution abatement and monopolistic output restriction. Following 
Baumol and Oates (1975, ch. 6), we depict the nature of this tradeoff in fig. f. 
Let DD’ represent the industry demand curve confronting a monopolist, with 
DMR being the corresponding marginal-revenue curve. We assume that the 
monopoly can produce at constant cost (PMC=private marginal cost), but 
that its production activities impose costs on others. In particular, in the 
absence of any fees, the monopolist’s (private) cost-minimizing technique of 
production generates pollution costs per unit equal to AB so that the SMC, 
(social marginal cost) curve indicates the true cost to society of each unit of 
output. To maximize profits, the monopolist would produce OQ,,,. 


G 
B SMC 
OE EMC Sic, 
a A PMC 
p’ 


Suppose next that we subject the monopolist to a pollution tax, a fee per 
unit of waste emissions. This will provide an incentive to alter the production 
process in a way that yields lower emissions per unit of output. In fig. 1 this 
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would have two effects: it would raise the PMC curve and, over some range, 
would tend to lower SMC. This second effect results from the choice of what, 
from society’s standpoint, is a lower-cost method of production (taking 
into account the costs of pollution). The minimum social cost of production 
will be reached when the pollution costs are wholly internalized so that 
PMC,=SMC, (where the subscript ¢ refers to costs in the presence of a 
Pigouvian tax). At this point, the firm’s selection of a production process will 
be based upon a set of input prices (including a price of waste emissions) 
that reflects true social opportunity costs. 

Since there exist two distinct sources of allocative distortions, a full 
resolution of the problem will, in gencral, require two policy actions: a 
Pigouvian tax on waste emissions equal to MSD and a subsidy per unit of 
output equal to GF (the difference between marginal cost and marginal 
revenue at the Pareto-efficient level of output). A typical environmental 
agency, however, will have neither the authority nor the inclination to offer 
subsidies to monopolists. 

In this constrained setting, the problem of the environmental authority 
takes on a second-best character: the determination of the effluent fee which 
balances, at the margin, the social gain from increased abatement against the 
social loss from reduced output from the monopolist. Lee (1975), and more 
recently Barnett (1980), have derived formally the first-order conditions for 
this second-best optimal fee. Although the Lee—Barnett results take a slightly 
different form, they can be expressed as: 


{sth (2) 
i |n;| 


where 


{; =optimal tax per unit of waste emissions for the jth polluter, 
(* = Pigouvian tax on the competitive firm, 

C; =marginal abatement cost, and 

4; =price elasticity of demand. 


The second term on the RHS of eq. (2) reflects the marginal welfare loss from 
reduced output associated with a unit increase in the tax.2 For a perfectly 
competitive firm, this term is zero so that t;=(*. But for a firm with some 


*IL is easy Lo see, incidentally, that in accord with intuition this term is equal to the marginal 
welfare loss per unit of reduced output (i.e. price minus marginal cost) multiplied by the 
reduction in output associated with an additional unit of abatement. More formally: 

G P, aQ, 0Q; 0Q; 

| = pos =(P,-— MR,)—4 =(P,;—MC,) 0; 

Inj] |n;| ea; da; 0a; 

where a; is the level of abatement activity and where profit’ maximization implies that 

MR,=MC,. The marginal cost of abatement, P;(0Q;/0a;) is expressed in terms of the value 
of forgone output. 
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control over market price, the optimal unit tax on emissions will vary 
inversely with marginal abatement cost and directly with the price clasticity 
of demand for the firm’s output. 

In principle, therefore, we can determine the optimal set of effluent fees on 
all polluters, be they competitive firms or monopolists. However, this is not, 
in fact, very comforting. First, such a determination would require an 
enormous amount of information encompassing both the price elasticities of 
demand and the abatement costs for each polluter. And second, even if the 
environmental authority were able to assemble all these data, it is difficult to 
envision a legal and political setting in which such a discriminatory set of 
fees would be acceptable. 

At the policy level, the real choice may well be that between a single fee 
applicable both to perfect and imperfect competitors or the abandonment of 
a system of pricing incentives for environmental protection. From this 
perspective, the important issue is the extent of the welfare loss associated 
with the pattern of reductions in output induced by the charge on waste 
emissions. There is a substantial empirical literature suggesting that the 
magnitude of the overall allocative losses in the economy attributable to 
monopolistic distortions is quite small.* Since the large estimated welfare 
gains from pollution abatement would seem to dwarf the apparently small 
welfare losses from effects on the pattern of industry outputs, it is tempting 
simply to conclude that concern over monopolistic distortions represents, in 
this case, a theoretical nicety that we can safely ignore in the design of 
environmental policy. 

This, however, will not quite do. The proper question is: Given the existing 
pattern of monopolistic distortions (i.e. existing divergences between price and 
marginal cost), do the additional reductions in monopoly outputs generate 
efficiency losses of a substantial magnitude? 


2.2. A rough estimate 


In order to get some feel for just how damaging the existence of 
monopolistic elements in the economy is to the case for an effluent fee that 1s 
invariant with respect to industry structure, we have undertaken some 
admittedly quite crude, partial-equilibrium calculations making use of a 
representative polluter.t Our procedure involves a comparison of two 


3The seminal paper presenting this result is Harberger (1954). Several later studies support 
Harberger’s general finding [e.g. Schwartzman (1960)]. However, for a dissenting view, see 
Cowling and Mueller (1978) who have criticized the earlier work on methodological grounds 
and have calculated their own estimates of allocative losses from monopoly for both the United 
States and the United Kingdom. ‘Vheir estimates for these losses are much more sizable. es 

4The shortcoming of a partial-equilibrium approach is clear. A full, general-equilibrium 
treatment of the problem would take into account the interaction between markets; the outcome 
in this setting would depend not only on the magnitude of the initial distortion and the own 
price elasticity of demand, but also on cross elasticities. 
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equilibrium positions: the first involves no control over the externality (and 
hence no abatement), and the second is the outcome under a system of 
effluent fees where the fee docs not vary with industry structure. In moving 
from the former to the latter, we compare the welfare gains from reduced 
pollution net of abatement costs to the increment of new allocative losses 
associated with monopoly elements in the existing market structure. We use 
existing environmental programs in the United States as a (rough) 
benchmark for overall abatement efforts. 

Proceeding in terms of a ‘representative polluter’, we assume that the 
social marginal cost of production associated with each level of abatement 
activity is approximately constant over the relevant range. We can then 
approximate the welfare gain from reduced pollution net of abatement costs 


by: 
W,=Q[LSMC,—-SMC,]J, (3) 


where SMC, and SMC, are, respectively, social marginal cost before and 
after the introduction of a set of Pigouvian taxes. The welfare gain is simply 
the reduced cost (private plus external) per unit times the level of output 
(area EBTS in fig. 1). Likewise, we can approximate the welfare loss from 
reduced output by: 


W, = AQ(P—SMC,). (4) 


Welfare loss is the loss per unit (equal to the difference between price and 
social marginal cost) times the change in output (an approximation to area 
TWVU in fig. 1). To determine the relative sizes of these two effects, we 
divide (4) by (3) to obtain: 


yy 42 _[P-SMCq] 
rout uC) [SMCy—SMC,] 


(5) 


It will facilitate the numerical comparisons to divide both numerator and 
denominator by P: 


, 40 [P=SMCyI/P 
oO-1SMG. = Si Gaye Y 


The next step is to try to make some educated guesses as to the orders of 
magnitude of the various terms in eq. (6). To do this, we construct a profile 
of a representative polluter that incorporates reasonable estimates of the 
parameters. In each instance we lean in the direction of magnitudes that are 
favorable to the finding of a relatively large welfare loss associated with 
monopolistic distortions. 
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The first term in eq. (6) is the percentage change in quantity, which we can 
express as the percentage change in price times the price elasticity of demand 
(n). There are available for the United States fairly detailed data on 
abatement expenditures by sector, and we make use of a careful ongoing 
study by H. David Robison (1983) in which he uses these data and a large 
input-output model to estimate existing abatement costs per dollar of output 
for 78 sectors in the U.S. economy. Using 1977 data, Robison finds, for 
example, the following percentage increases in costs attributable to 
abatement expenditures: 2.0 for the paper industry, 2.1 for ferrous metals, 2.3 
for copper, and 3.3 for electric utilities. He assumes that these costs are 
passed forward in terms of higher prices. Deriving a ‘representative’ increase 
in prices under a fee system from these estimates is problematic, since the 
effect of a set of fees on costs would differ in two important respects from the 
existing command-and-control system. First, as existing studies indicate, a fee 
system would tend to reduce abatement costs significantly through more 
cost-efficient patterns of abatement and technology, but, second, such savings 
in abatement costs must be balanced against the effluent fees that sources 
would have to pay. We take as a ‘typical’ increase in price for. our 
representative polluter a figure of 5 percent, where we assume that this cost 
increase to our polluter (and the consequent rise in price) ts constituted in 
equal parts of control costs (2.5 percent) and effluent fees (2.5 percent).? A 
best estimate for a representative price elasticity of demand is also uncertain, 
but for the major industries of concern, including power generation, 
chemicals, pulp and paper, etc., a typical value of two is probably a generous 
assumption. This gives us a value of 4Q/Q for our representative polluter of: 


AP 
ia <= 2(0.05) = 04. 7) 


Q 


We thus assume a 10 percent reduction in output for our representative 
polluter attributable to the adoption of the fee program. 

Turning next to the numerator of the second term in (6), we note that 
[P—SMC,] is equal to that portion of the difference between price and 
private marginal cost that is not offset by the marginal social damage of 
waste emissions; that 1s: 


[P—SMCo]_[P—(PMC+MSD)] 
rea P 


(8) 


> 


where MSD is the marginal external cost associated with polluting 
emissions. Finding appropriate magnitudes for these variables is somewhat 


‘This distinction is important, because control costs represent actual social costs, while 
fee payments are, from the perspective of society, a transfer payment. 
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more conjectural. However, we can make a very rough guess by noting that 
existing estimates of the benefits from air pollution control in the United 
States are about twice the level of abatement costs; Lave and Seskin (1977, 
p. 230), for example, offer a conservative estimate of health benefits alone 
from meeting standards for ambient air quality of about $16 billion as 
compared to EPA’s estimate of $9.5 billion for abatement costs.° If we 
double our representative estimate for abatement costs of 2.5 percent and 
add on another 2.5 percent for residual damages, we reach a figure of 7.5 
percent of marginal cost for our estimate of marginal social damages in the 
absence of any control program.’ 

Next we need a figure for monopolistic markup over marginal cost. There 
exists an empirical literature that has estimated the relationship between 
price-cost margins and industry concentration [e.g. Shepard (1972)]; these 
studies find that the margin of price over cost rises by about one percentage 
point for every increase of ten percentage points in the four-firm industry 
concentration ratio (C4). If we assume that ‘competition’ involves a C, of 
about 20 and that ‘monopolistic’ industries have a typical C, of 70, we 
would have a level of monopolistic prices that exceeds competitive prices by 
about 5 percent. Leaning in the direction of a more gencrous estimate, we 
take 10 percent as our representative monopolistic markup over private 
marginal cost. This leaves us with an estimate of 2.5 for the difference 
between price and social marginal cost as a percentage of price.® 

The denominator of the second term in eq. (6) follows directly from the 
preceding profile of our representative polluter. The representative reduction 
in marginal social damages from the control program is 5 percent of price 
(since we assume benefits equal to twice the level of abatement costs); from 
this, we subtract 2.5 percent of price for abatement costs leaving us with a 
net reduction in social marginal cost of 2.5 percent of price. 

Pulling together our results for the various terms in (6), we arrive at: 


Hepes 


These figures admittedly refer to total, rather than marginal, benefits and costs. However, 
since we are considering the entire increment from the introduction of a program of effluent fees, 
we take them as a reasonable approximation. 

7Our estimate thus implies that the fee program reduces the representative marginal damages 
from pollution by about two-thirds. This seems to us a relatively conservative figure, since 
abatement efforts have typically led sources to reduce emissions by well over 50 percent (in 
excess of 90 percent in several cases); such reductions in the presence of increasing marginal 
damages (the typical case) would suggest reductions in damages from pollution far in excess of 
one-half. 

“Note that if the markup were only 5 percent, then social marginal cost for our representative 
polluter would actually exceed the monopoly price so that a contraction in output would raise, 
rather than lower, social welfare. Such may well be the case in some instances. 
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We thus estimate the monopolistic welfare loss from a program of effluent 
fees to be roughly an order of magnitude smaller than the welfare gain from 
reduced pollution (net of abatement costs). While this estimate obviously 
depends on our choice of values for the various parameters, we believe that 
the ‘representative calculation’ is relatively generous to the magnitude of the 
potential welfare loss from reduced monopoly outputs and that ‘reasonable’ 
parameter values are unlikely to suggest that this loss can rival in size the 
gains from improved environmental quality. In view of the range of policy 
options available to the environmental authority, our conclusion is that it is 
probably safe to ignore the issue of incremental output distortions associated 
with a system of effluent fees. 


3. The problem of technical efficiency 


In the preceding section, the assumption of simple profit-maximizing 
behavior with its corollary of cost minimization allowed us to ignore the 
issue of technical efficiency: faced with a Pigouvian fee, cost-minimizing 
agents will select the socially least-cost combination of inputs and will operate 
along their minimum cost curves. In this section of the paper we drop this 
assumption and explore the implications of technical inefficiencies for the 
efficacy of a system of effluent fees. We examine a series of models in which 
the failure to minimize costs comes from either of two sources: a more 
complex objective function that incorporates variables other than (or in 
addition to) the level of profits, or some type of regulatory constraint that 
provides the decision-maker with an incentive to choose something other 
than the cost-minimizing pattern of factor inputs. 


3.1. Managerial models of maximizing firms 


For our purposes, the Williamson (1963) model captures the spirit of the 
results that emerge when a firm’s managers maximize an objective function 
that contains variables other than simply short-run profits. In particular, 
Williamson formulates a managerial utility function that incorporates 
‘expense preferences’ for expenditures on staff (S), managerial emoluments 
(M) (extra salary and perquisites), and ‘discretionary profits’ consisting of the 
difference between actual profits and the minimum profits demanded. The 
firm thus. maximizes: 


U=U[S,M,1_—mo—T] subject to m>m+T (10) 


OF 


U=U{S, M,(1—)[R(X)—C(X)-S—M ]= Foyt (it) 
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I 
er R=revenue=P: X; 0?R/0X 0S 20, 


P= price = P(X, S;8); 0P/0X <0; 0P/0S 20, 0P/de>0, 
X =output, 
S =staff (in money terms) or (approximately) general 
administrative and selling expense; 
¢=a demand shift paramcter, 
C=costs of production=C(X), 
M =managerial emoluments, 
m=actual profits= R—C—S, 
Tp =reported profits=x— M, 
Tg =minimum (after-tax) profits demanded, 
T =taxes, where t=tax rate, and 
Tr —T%o — 1 =discretionary profits. 


To treat waste emissions and the effluent fee explicitly, we amend the 
Williamson modcl to distinguish between these emissions (£) and all other 
inputs (L). Eq. (11) thus becomes: 


U=U{S, M,(1—t)[R(g(L, E))— P, L—fE—S—M]J—no}, (12) 


where P, is the price of other inputs and f denotes the effluent fee. 
Maximization of this utility function yiclds as one of the first-order 
conditions the familiar result: 


P,  OX/eL 


iT OXfOn: 


(13) 


This is the usual condition for the cost-minimizing combination of factor 
inputs: marginal products proportional to factor prices. It may seem 
surprising at first glance to find that firms that are technically inefficient (i.e. 
do not produce at minimum cost overall) are effectively cost-minimizers with 
regard to pollution abatement. However, the rationale is quite 
straightforward: since abatement activities contribute nothing to staff or 
emoluments and reduce discretionary profits, the firm’s managers have an 
incentive to minimize the expenditure on abatement (consisting of effluent 
[ecs plus pollution-control costs) by extending abatement activity to the 
point where marginal abatement cost equals the effluent fee. We can thus 
extend our cost-minimization theorem to encompass certain managerial 
models of maximizing firms: a world of such firms subject to an effluent fee 
can, in principle, achieve the desired standard of environmental quality at the 
minimum aggregate abatement cost.? 

°As one potential qualification to this result, we note that abatement activities could, under 
certain circumstances, enter directly into the managerial utility function. The firm’s managers 
might perceive, for example, that activities to curtail pollution produce some valuable ‘good-will’ 


for the firm. In such instances, the firm might well extend abatement activities beyond the point 
at which marginal abatement cost equals the effluent fee. 
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3.2. Organizational models of firm behavior 


Organizational models of firm behavior treat managerial decisions in the 
context of the firm’s internal structure and environment. Firm behavior in 
these models cannot be characterized by an explicit objective function. These 
models include both the Carnegie Tech type that emphasizes internal 
coalitions, information costs, limited time, and bounded rationality [e.g. 
Cohen and Cyert (1962)] and the Harvard Business School variety that focus 
on the internal dynamics and structure of the firm [e.g. Chandler (1962) and 
Bower (1970)]. Without probing in detail into these alternative views of 
managerial decision-making, we wish to note in passing that both of these 
approaches imply the possible presence of a degree of ‘managerial slack’. 

Such slack may well have some implications for the effectiveness of a 
system of effluent fees. In particular, the case for effluent fees rests on the 
presumption that an increase in the price of effluents will induce firms to use 
less effluents relative to other inputs; over the longer haul, fees will induce 
firms to engage in R&D that will allow them to develop cheaper abatement 
technologies. However, the incentives to change production policies quickly 
in response to relative price changes may be quite weak in a managerial 
context. Changes in production methods (particularly to less pollution- 
intensive methods) may involve majof changes in equipment. If an important 
perquisite is ‘case of management’, the firm might conceivably employ some 
of the fat in its budget to avoid the effort and possible complications 
associated with the adoption and development of new abatement techniques. 
There are, in fact, some investigations of the diffusion of knowledge and new 
technologies that have found that firms in concentrated industries do not 
respond as quickly to price changes and the availability of new innovations 
as do firms in more competitive industries [see Kamien and Schwartz 
(1975)]. The evidence on this issue, however, is not conclusive; yet the lack of 
consensus certainly provides some justification for skepticism about the belief 
that effluent fees will work as well in highly concentrated industries as they 
might in more competitive cases. 

We shall return to this issue again in our discussion of bureaucratic 
leanings toward ‘ease of management’. What we can say is that all of the 
models of imperfectly competitive firm behavior that we have discussed 
establish some presumption that effluent fees will induce firms to pollute less; 
how closely the outcomes approach a cost-minimizing solution is less clear. 


3.3. Public bureaus 


Since models of bureaucratic behavior typically posit neither profit 
maximization nor cost minimization, the response of public agencies to 
pricing incentives is problematic [sce Oates and Strassmann (1978)]. To 
explore the impact of effluent fees on public decision-makers, we first 
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examine a variant of the Niskanen (1977) model of bureaucratic behavior. As 
we shall sce, the model and its implications for abatement activitics bear a 
strong resemblance to our analysis in the Williamson framework of private 
managerial maximization. We then discuss the implications of Wilson et al.’s 
(1980) richer study of public agencies. 

In our varicnt of the Niskanen model, we postulate that the bureau’s 
decision-makers seek to maximize an objective function that contains as 
arguments the bureau’s output (Q) and its level of perquisites (P): 


GC=U(Oy7): (14) 


Bureaucrats desire an increased output (or ‘size’), for this enhances the 
bureau’s power and prestige and with these its capacity to influence the 
course of events. Migue and Belanger (1974) have contended that agency 
officials also place a premium on the bureau’s ‘discretionary budget’, the 
excess of the bureau’s funding above its necessary costs. This ‘fat’ in the 
budget can be employed for a variety of perquisites ranging from higher 
salaries and expanded staff to additional facilitics or, perhaps, reduced cffort. 

As earlicr, we assume that the production function for the bureau’s output 
depends on waste emissions, E, and a vector of other outputs, L: 


Q=Q(L, F). (15) 
Morcover, the burcau its subject to a budget constraint: 
B=wL+fE-+epP, (16) 


where B is the bureau’s budget, w is the price of ‘other’ inputs (given to the 
bureau), f is the effluent fee per unit of waste emissions, and c is the 
(constant) marginal cost of perquisites. Note that L is defined to include only 
the minimally necessary quantity of other inputs such as labor to provide a 
given output; likewise, w can be thought of as the lowest wage that will keep 
employees. Extra salary and labor are viewed as perquisites. 

The budget-determination process is the remaining issue. Here we follow 
Niskanen and assume that the bureau possesses a kind of monopoly power 
in its dealings with the legislative agency that provides its funding. In 
particular, the bureau submits (and obtains) a budget of an all-or-nothing 
character that extracts the entire area under the legislature’s demand curve 
up to the bureau’s proposed level of output. In short, the bureau behaves 
much like a perfectly discriminating monopolist; for whatever level of output 
it selects, say Q, the bureau’s budget equals: 


Q 
B=) D(Q)dQ, (17) 
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where D(Q) is the legislature’s inverse demand function for the bureau’s 
output.!° ne 

In this framework the bureaucrat’s problem becomes that of maximizing 
the utility function in eq. (14) subject to its budget constraint: 


M=ULOU#),PI+| wirFe +e? F n.QV49 | (18) 
0 


Solving for the stationary values of (18) yields (among other results): 


aQ/oE _f 
dQ/oL w bg) 


This result is essentially the same as that obtained from our analysis of the 
Williamson model. Eq. (19), like that for the managerial model of the 
maximizing firm, implies cost minimization in only a limited sense: the 
bureau minimizes pollution abatement and other costs that do not generate 
perquisites. Effluent fees are effectively lost do!lars; they provide no utility to 
the bureaucrat. By minimizing pollution-abatement costs, the bureau 
maximizes the remaining budget for the procurement of perquisites. Like 
cost-minimizing firms, a bureau behaving according to this model has an 
incentive to extend pollution-abatement activities to the point where 
marginal abatement cost equals the effluent fee. 

An important qualification to this result introduces an indeterminacy 
similar to that in the satisficing models of firm behavior. Burcaucrats, like the 
employees of firms, are likely to have some preferences for the perquisite 
‘ease of management’. Just how pervasive such behavior is in public agencies 
is unclear; however, it could introduce some inefficiencies in the allocation of 
abatement quotas among polluters. Although, as the analysis suggests, 
bureaucrats are likely to have some incentive to economize on abatement 
costs, the discussion in the previous section on diffusion of innovations Is 
also likely to apply to bureaus. Bureaus, like firms protected by managerial 
slack, do not need to respond as quickly to price changes and to the 
availability of new technologies as do competitive firms, since the survival of 
a bureau does not, in general, depend on an aggressively tight management. 

The model is admittedly a very simplistic one that cannot begin to 
encompass the diversity in circumstances and particular objectives of 
different public agencies. In a recent series of case studies of bureaucratic 
behavior, Wilson et al. (1980) criticize such simplistic approaches to the 
characterization of public agencies. Their studies find that the behavior of 
these agencies is ‘complex and changing’ (p. 373); it is not subject, for 

Alternatively, we might simply assume that the budget is, for our purposes, some 
predetermined sum [see Oates and Strassmann (1978) ]. This would not alter the results. 
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example, to the broad generalization of the ‘captive theory’, that, as a rule, 
‘Regulation is acquired by the industry and is designed and operated 
primarily for its benefit’ [Stigler (1971, p. 3)]. Instead, Wilson et al. suggest 
that ‘We view these agencies as coalitions of diverse participants who have 
somewhat different motives’ (p. 373). Wilson et al. find that the studies reveal 
public agencics to ‘..prefer security to rapid growth, autonomy to 
competition, stability to change... Government agencics are more risk averse 
than imperialistic’ (p. 376). This serves to underline our carlicr observations 
on the potential for public agencies to respond sluggishly to incentives for 
change. 

We note of particular interest the gencral similarity of the findings and 
qualifications of the behavior of managers of public and (imperfectly 
competitive) private enterprises. In a set of case studics of several clectric 
utilities, Roberts and Bluhm (1981) can likewise find no systematic differences 
in behavior between publicly and privately owned concerns; they conclude 
that ‘The mere fact of public or private ownership by itself does not tell us 
very much about the kind of behavior to expect’ (p. 335). 

In. summary, although the formal model in this section predicts 
minimization of abatement costs by public agencies, the interpretation of this 
result and the broadening of our perspective on bureaucratic behavior 
suggest some basic reservations. We surely cannot, in a simplistic way, 
extend the umbrella of our cost-minimization theorem to encompass public 
agencies. At the same time, the analysis does suggest that an explicit price on 
pollution activities will present managers (public or private) with a real 
incentive for abatement. Managers are obviously not entirely oblivious to the 
costs of alternatives; Roberts and Bluhm, for example, in describing the 
history of the huge publicly-owned utility, TVA, found that ‘Despite the 
agency's broad responsibility for conservation and regional development, 
most of its engineering decisions have reflected a continuing attempt to 
minimize the cost of power (p. 63). 


3.4. Regulated firms 


The presence of regulated firms introduces, in principle, another source of 
technical inefficiency: a regulatory constraint that effectively distorts the 
relative prices of inputs to the firm. By setting some maximum ‘fair’ rate of 
return to capital inputs, the regulatory authority creates an incentive for the 
firm to extend its use of capital, for by using more capital, the firm is able to 
enlarge the base upon which its profit constraint is determined. All this is 
well known and has been described in terms of the Averch and Johnson 
(1962) (A-J) model; the distortion in factor inputs involving an excessive use 
of capital is the A-J effect."! 


''For excellent, comprehensive treatments of the analytics of the A-J model, see Baumol 
and Klevorick (1970) and Bailey (1973). 
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It is fairly straightforward exercise to take the standard version of the A—J 
model (in which the regulated firm maximizes profits subject to a rate-of- 
return constraint), to introduce waste emissions into the production function 
as earlier, and then to examine the first-order conditions for profit 
maximization in the presence of an effluent fee. We shall not go through the 
mechanics here, but wish simply to note that the results of this exercise 
indicate that the regulated firm will not, in general, be a cost minimizer with 
respect to abatement activity.'* It would be quite plausible, for example, for 
such a firm to extend abatement activity beyond the level at which marginal 
abatement cost equals the effluent fee, if by doing so the firm could expand 
its capital stock through the use of pollution-control equipment. The 
rationale from the perspective of the firm is the higher level of absolute 
profits that the expanded capital stock would allow. But from society’s 
vantage point, this represents, of course, an excessive level of abatement. 
Under these circumstances, a system of effluent fees could not be expected to 
generate the least-cost set of pollution-abatement quotas among sources. 

More generally, we cannot even conclude that an increase in the effluent 
fee will lead to a reduction in the waste emissions of the regulated firm. 
Bailey (1973, pp. 135-137) shows that for the two-factor case, a rise in the 
wage rate need not lead to reduced labor input; although there must surely 
be a strong presumption of this result, the outcome ts formally indeterminate. 
Likewise, in his two-factor formulation of the A-J model, Cowing (1976) 
finds that the sign of the derivative of waste emissions with respect to the 
effluent fee is ambiguous. 

While these results are, in principle, disturbing, there remains the important 
practical question of the actual magnitude of the A-J effect. The literature 
has not produced any compelling evidence of a widespread AJ effect [e.g. 
Baron and Taggart (1977), Spann (1974)]. Not only is there an absence of 
empirical support for ‘over-capitalization’ by regulated firms, but there is 
evidence that the rate-of-return constraint may often not even be binding. 

In addition to the empirical studies, recent theoretical work casts further 
doubt on the applicability of the A~J theorem. Peles and Stein (1976) show 
that the theorem is ‘highly sensitive’ to the treatment of uncertainty; if 
uncertainty is multiplicative in form, the A-J effect is reversed! Perhaps even 
more basic is the issue of the interaction between the regulated firm and the 
regulating authority [e.g. Stigler (1971), Peltzman (1976), Joskow (1972, 
1973)]. In the A~J model, the firm simply takes the rate-of-return constraint 
as exogenous. In the real world, however, the regulated firm must typically 
make application for any price changes, and, as Joskow (1972) shows, the 
determination of the allowed rate of return appears to involve a_ fairly 
complicated process of interaction between the regulator and the regulated 


firm. 


!2We would be happy to provide the formal analysis to any interested readers. 
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The industrial-organization literature thus establishes some compelling 
reasons for being quite skeptical about the A-J description of the behavior of 
the regulated firm. However, it docs not, al this juncture, provide 2 
straightforward alternative framework for our analysis of the regulated firm’s 
response to an effluent fee. Some of the literature notes (as does our treatment 
of managerial models of the firm and of public agencies) the presence of 
other variables in the objective function in addition to profit maximization; 
for example, Roberts and Bluhm (1981) conclude that ‘Our studies have 
shown that regulated firms are not pure incentive-oriented profit maximizers. 
To varying extents, managers are sensitive — albeit within financial limits — 
to not harming the public and to doing “the right thing”’ (p. 384). Moreover, 
to the extent that the costs associated with effluent charges can be passed 
along through viable requests for higher prices to the regulatory authority, 
there may be grounds for questioning a highly ‘cost-conscious’ response to a 
system of fees. 

We emerge with the sense that our expectations for the regulated firm are 
much in the spirit of those for the ‘managerial’ firm and the public bureau. 
In all these cases, we envision a managerial utility function which contains a 
multiplicity of objectives as a consequence of which cost-minimization plays 
an important, but not a singular, role in the determination of behavior. 


4. Conclusion 


While the analysis in this paper cannot yield any firmly grounded 
conclusions about the effectiveness of a system of effluent fees in a mixed 
economy, it does, we think, suggest some tentative results. First, our 
admittedly crude calculations in section 2 suggest that any distortions in the 
vector of final outputs resulting from a system of effluent fees (or probably 
from other forms of pollution control) are unlikely to be the source of 
substantial welfare loss. The ‘allocative’ issue that has troubled Buchanan 
and others in the design of systems to regulate externalities appears to be 
rclatively unimportant in terms of its magnitude. 

Second, although it is more difficult to get a sense of the extent of the 
‘technical inefficiencies’ associated with deviations from cost minimization, 
the analysis does indicate that even where profit maximization is not the sole 
or dominant objective of the source, there are other considerations that can 
make it in the interest of polluters to engage in (relatively) efficient levels of 
abatement activities in response to effluent charges. We found, for example, 
that in our versions of both the Williamson model of ulility-maximizing 
managers of private firms and the Niskanen model of bureaucracy, there 
exist incenlives promoting cost-minimizing behavior with respect to 
abatement activities. While these incentives are no doubt blunted somewhat 
by a certain amount of ‘managerial slack’, there is at least a real rationale for 
managers and bureaucrats to scek out cost-saving abatement techniques. 
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. More generally, the central point is that the case for relying, on pricing 
incentives for pollution control in a mixed economy is really little different 
from that for using prices to guide the allocation of other inputs. While there 
obviously exists some degree of technical inefficiency in the economy 
associated with departures from cost-minimizing behavior, there is little 
reason to believe that the extent of such inefficiencies in pollution control 
under a system of effluent fees (or marketable emission permits) will be any 
greater (or any less) than in the use of labor, capital, and other factor inputs. 

The importance of introducing pricing incentives for pollution control is 
underscored by an emerging empirical literature that indicates that existing 
programs of direct controls are generating enormous waste: abatement costs 
on the order of two to ten times as large as needed to attain the designated 
standards of environmental quality [see, for example, Atkinson and Lewis 
(1974), Palmer et al. (1980), Seskin et al. (1983), and Kneese et al. (1971, 
appendix C)]. These estimates, moreover, refer only to savings based upon 
existing abatement technology; they do not address the important long-run 
issues of the stimulus such pricing incentives would provide for research and 
development of new techniques for the curtailment of emissions. Our 
judgement is that a leasi-cost solution over time to the achievment of our 
objectives for cleaner air and water would probably involve aggregate costs 
no larger than 20-25 percent of those under the command-and-control 
programs that have been adopted in the United States. 

Even in the presence of a substantial amount of ‘slippage’ in the form of 
technical inefficiencies, it is our view that the likely gains from a system of 
pricing incentives are quite large. We doubt that the complications arising 
from the existence of a mixed economy compromise significantly the case for 
a system of pricing incentives for environmental management. 
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Economic Prescriptions for 
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the Doctor’s Orders 


Robert W. Hahn 


ne of the dangers with ivory tower theorizing is that it is easy to lose sight of 

the actual set of problems which need to be solved, and the range of 

potential solutions. As one who frequently engages in this exercise, I can 
attest to this fact. In my view, this loss of sight has become increasingly evident in the 
theoretical structure underlying environmental economics, which often emphasizes 
elegance at the expense of realism. 

In this paper, I will argue that both normative and positive theorizing could 
greatly benefit from a careful examination of the results of recent innovative ap- 
proaches to environmental management. The particular set of policies examined here 
involves two tools which have received widespread support from the economics 
community: marketable permits and emission charges (Pigou, 1932; Dales, 1968; 
Kneese and Schultze, 1975), Both tools represent ways to induce businesses to search 
for lower cost methods of achieving environmental standards. They stand in stark 
contrast to the predominant “command-and-control” approach in which a regulator 
specifies the technology a firm must use to comply with regulations. Under highly 
restrictive conditions, it can be shown that both of the economic approaches share the 
desirable feature that any gains in environmental quality will be obtained at the 
lowest possible cost (Baumol and Oates, 1975). 

Until the 1960s, these tools only existed on blackboards and in academic journals, 
as products of the fertile imaginations of academics. However, some countries have 
recently begun to explore using these tools as part of a broader strategy for managing 


environmental problems. 
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This paper chronicles the experience with both marketable permits and emissions 
charges. It also provides a selective analysis of a variety of applications in Europe and 
the United States and shows how the actual use of these tools tends to depart from the 
role which economists have conceived for them. 


The Selection of Environmental Instruments 


In thinking about the design and implementation of policies, it is generally 
assumed that policy makers can choose from a variety of “instruments” for achieving 
specified objectives. The environmental economics literature generally focuses on the 
selection of instruments that minimize the overall cost of achieving prescribed environ- 
mental objectives. 

One instrument which has been shown to supply the appropriate incentives, at 
least in theory, is marketable permits. The implementation of marketable permits 
involves several steps. First, a target level of environmental quality is established. 
Next, this level of environmental quality is defined in terms of total allowable 
emissions. Permits are then allocated to firms, with each permit enabling the owner to 
emit a specified amount of pollution. Firms are allowed to trade these permits among 
themselves. Assuming firms minimize their total production costs, and the market for 
these permits is competitive, it can be shown that the overall cost of achieving the 
environmental standard will be minimized (Montgomery, 1972). 

Marketable permits are generally thought of as a “quantity” instrument because 
they ration a fixed supply of a commodity, in this case pollution. The polar opposite 
of a quantity instrument is a “pricing” instrument, such as emissions charges. The 
idea underlying emissions charges is to charge polluters a fixed price for each unit of 
pollution. In this way, they are provided with an incentive to economize on the 
amount of pollution they produce. If all firms are charged the same price for 
pollution, then marginal costs of abatement are equated across firms, and this result 
implies that the resulting level of pollution is reached in a cost-minimizing way. 

Economists have attempted to estimate the effectiveness of these approaches. 
Work by Plott (1983) and Hahn (1983) reveals that implementation of these ideas in a 
laboratory setting leads to marked increases in efficiency levels over traditional forms 
of regulation, such as setting standards for each individual source of pollution. The 
work based on simulations using actual costs and environmental data reveals a similar 
story. For example, in a review of several studies examining the potential for 
marketable permits, Tietenberg (1985, pp. 43-44) found that potential control costs 
could be reduced by more than 90 percent in some cases. Naturally, these results are 
subject to the usual cautions that a competitive market actually must exist for the 
results to hold true. Perhaps more importantly, the results assume that it is possible to 
easily monitor and enforce a system of permits or taxes. The subsequent analysis will 


suggest that the capacity to monitor and enforce can dramatically affect the choice of 
instruments. 
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Following the development of a normative theory of instrument choice, a handful 
of scholars began to explore reasons why environmental regulations are actually 
selected. This positive environmental literature tends to emphasize the potential 
winners and losers from environmental policies as a way of explaining the conditions 
under which we will observe such policies. For example, Buchanan and Tullock 
(1975) argue that the widespread use of source-specific standards rather than a fee can 
be explained by looking at the potential profitability of the affected industry under the 
two regimes. After presenting the various case studies, I will review some of the 
insights from positive theory and see how they square with the facts. 

The formal results in the positive and normative theory of environmental 
economics are elegant. Unfortunately, they are not immediately applicable, since 
virtually none of the systems examined below exhibits the purity of the instruments 
which are the subject of theoretical inquiry. The presentation here highlights those 
instruments which show a marked resemblance to marketable permits or emission fees. 
Together, the two approaches to pollution control span a wide array of environmental 
problems, including toxic substances, air pollution, water pollution and land disposal. 


Marketable Permits 


In comparison with charges, marketable permits have not received widespread 
use. Indeed, there appear to be only four existing environmental applications; three of 
them in the United States. One involves the trading of emissions rights of various 
pollutants regulated under the Clean Air Act; a second involves trading of lead used 
in gasoline; a third addresses the control of water pollution on a river; and a fourth 
involves air pollution trading in Germany and will not be addressed here because of 
limited information (see Sprenger, 1986). These programs exhibit dramatic differences 
in performance, which can be traced back to the rules used to implement these 
approaches. 


Wisconsin Fox River Water Permits 

In 1981, the state of Wisconsin implemented an innovative program aimed at 
controlling biological oxygen demand (BOD) on a part of the Fox River (Novotny, 
1986, p. 11).! The program was designed to allow for the limited trading of 
marketable discharge permits. The primary objective was to allow firms greater 
flexibility in abatement options while still maintaining environmental quality. The 
program is administered by the state of Wisconsin in accord with the Federal Water 
Pollution Control Act. Firms are issued five-year permits which define their wasteload 
allocation. This allocation defines the initial distribution of permits for each firm. 

Early studies estimated that substantial savings, on the order of $7 million per 
year, could result after implementing this trading system (O'Neil, 1983, p. 225). 


'BOD is a measure of the demand for dissolved oxygen imposed on a water body by organic effluents. 
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However, actual cost savings have been minimal. In the six years that the program 
has been in existence, there has been only one trade. Given the initial fanfare about 
this system, its performance to date has been disappointing. 

A closer look at the nature of the market and the rules for trading reveals that the 
result should not have been totally unexpected. The regulations are aimed at two 
types of dischargers: pulp and paper plants and municipal waste treatment plants. 
David and Joeres (1983) note that the pulp and paper plants have an oligopolistic 
structure, and thus may not behave as competitive firms in the permit market. 
Moreover, it is difficult to know how the municipal utilities will perform under this set 
of rules, since they are subject to public utility regulation (Hahn and Noll, 1983). 
Trading is also limited by location. There are two points on the river where pollution 
tends to peak, and firms are divided into “clusters” so that trading will not increase 
BOD at either of these points. There are only about 6 or 7 firms in each cluster 
(Patterson, 1987). Consequently, markets for wasteload allocations may be quite thin. 

In addition, Novotny (1986) has argued that several restrictions on transfers may 
have had a negative impact on potential trading. Any transaction between firms 
requires modifying or reissuing permits. Transfers must be for at least a year; 
however, the life of the permit is only five years. Moreover, parties must waive any 
rights to the permit after it expires, and it is unclear how trading will affect the permit 
renewal process. These conditions create great uncertainty over the future value of the 
property right. Added to the problems created by these rules are the restrictions on 
eligibility for trades. Firms are required to justify the “need” for permits. This 
effectively limits transfers to new dischargers, plants which are expanding, and 
treatment plants that cannot meet the requirements, despite their best efforts. Trades 
that only reduce operating costs are not allowed. With all the uncertainty and high 
transactions costs, it is not surprising that trading has gotten off to a very slow start. 

While the marketable permit system for the Fox River was being hailed as a 
success by economists, the paper mills did not enthusiastically support the idea 
(Novotny, 1986, p. 15). Nor have the mills chosen to explore this option once it has 
been implemented. Indeed, by almost any measure, this limited permit trading 
represents a minor part of the regulatory structure. The mechanism builds on a large 
regulatory infrastructure where permits specifying treatment and operating rules lie at 
the center. The new marketable permits approach retains many features of the 
existing standards-based approach. The initial allocations are based on the status quo, 
calling for equal percentage reductions from specified limits. This “grandfathering” 
approach has a great deal of political appeal for existing firms. New firms must 
continue to meet more stringent requirements than old firms, and firms must meet 
specified technological standards before trading is allowed. 


Emissions Trading 

By far the most significant and far-reaching marketable permit program in the 
United States is the emissions trading policy. Started over a decade ago, the policy 
attempts to provide greater flexibility to firms charged with controlling air pollutant 
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emissions.” Because the program represents a radical departure in the approach to 
pollution regulation, it has come under close scrutiny by a variety of interest groups. 
Environmentalists have been particularly critical. These criticisms notwithstanding, 
the Environmental Protection Agency Administrator Lee Thomas (1986) character- 
ized the program as “one of EPA’s most impressive accomplishments.” 

Emissions trading has four distinct elements. Netting, the first program element, 
was introduced in 1974. Netting allows a firm which creates a new source of emissions 
in a plant to avoid the stringent emission limits which would normally apply by 
reducing emissions from another source in the plant. Thus, net emissions from the 
plant do not increase significantly. A firm using netting is only allowed to obtain the 
necessary emission credits from its own sources. This is called internal trading because 
the transaction involves only one firm. Netting is subject to approval at the state level, 
not the federal. 

Offsets, the second element of emissions trading, are used by new emission sources 
in “non-attainment areas.” (A non-attainment area is a region which has not met a 
specified ambient standard.) The Clean Air Act specified that no new emission sources 
would be allowed in non-attainment areas after the original 1975 deadlines for 
meeting air quality standards passed. Concern that this prohibition would stifle 
economic growth in these areas prompted EPA to institute the offset rule. This rule 
specified that new sources would be allowed to locate in non-attainment areas, but 
only if they “offset” their new emissions by reducing emissions from existing sources 
by even larger amounts. The offsets could be obtained through internal trading, just 
as with netting. However, they could also be obtained from other firms directly, which 
is called external trading. 

Bubbles, though apparently considered by EPA to be the centerpiece of emissions 
trading, were not allowed until 1979, The name derives from the placing of an 
imaginary bubble over a plant, with all emissions exiting at a single point from the 
bubble. A bubble allows a firm to sum the emission limits from individual sources of a 
pollutant in a plant, and to adjust the levels of control applied to different sources as 
long as this aggregate limit is not exceeded. Bubbles apply to existing sources. The 
policy allows for both internal and external trades. Initially, every bubble had to be 
approved at the federal level as an amendment to a state’s implementation plan. In 
1981, EPA approved a “generic rule” for bubbles in New Jersey which allowed the 
state to give final approval for bubbles, Since then, several other states have followed 
suit. 

Banking, the fourth element of emissions trading, was developed in conjunction 
with the bubble policy. Banking allows firms to save emission reductions above and 
beyond permit requirements for future use in emissions trading. While EPA action 
was initially required to allow banking, the development of banking rules and the 
administration of banking programs has been left to the states. 


2 Pollutants covered under the policy include volatile organic compounds, carbon monoxide, sulfur dioxide, 
particulates, and nitrogen oxides (Hahn and Hester, 1986). 
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Table | 
Summary of emissions trading activity 
Seema tilted Se heel on Ne My ha eagle eet te we 


Estimated number Estimated number Estimated Cost 
of internal of external savings Environmental 
Activity transactions transactions (millions ) quality impact 


Dee eS Se See 


Netting 5,000 None $25 to $300 in Insignificant in 
to : Permitting costs: individual cases; 
12,000 $500 to $12,000 in Probably insignificant 
emission control in aggregate 
costs 
Offsets 1800 200 See text Probably 
insignificant 
Bubbles: Federally 40 2 $300 Insignificant 
approved 
State 89 0 $135 Insignificant 
approved 
Banking < 100 < 20 Small Insignificant 


Source: Hahn and Hester (1986) 


The performance of emissions trading can be measured in several ways. A 
summary evaluation which assesses the impact of the program on abatement costs and 
environmental quality is provided in Table 1. For each emissions trading activity, an 
estimate of cost savings, the environmental quality effect, and the number of trades is 
given. In each case, the estimates are for the entire life of the program. As can be seen 
from the table, the level of activity under various programs varies dramatically. More 
netting transactions have taken place than any other type, but all of these have 
necessarily been internal. The wide range placed on this estimate, 5000 to 12,000, 
reflects the uncertainty about the precise level of this activity. An estimated 2000 offset 
transactions have taken place, of which only 10 percent have been external. Fewer 
than 150 bubbles have been approved. Of these, almost twice as many have been 
approved by states under generic rules than have been approved at the federal level, 
and only two are known to have involved external trades. For banking, the figures 
listed are for the number of times firms have withdrawn banked emission credits for 
sale or use. While no estimates of the exact numbers of such transactions can be made, 
upper bound estimates of 100 for internal trades and 20 for external trades indicate 
the fact that there has been relatively little activity in this area. 

Cost savings for both netting and bubbles are substantial. Netting is estimated to 
have resulted in the most cost savings, with a total of between $525 million to over $12 
billion from both permitting and emissions control cost savings.? By allowing new or 
modified sources to locate in areas that are highly polluted, offsets confer a major 


35 ’ * . . . 
The wide range of this estimate reflects the uncertainty which results from the fact that little information 
has been collected on netting. 
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economic benefit on firms which use them. While the size of this economic benefit is 
not easily estimated, it is probably in the hundreds of millions of dollars. Federally 
approved bubbles have resulted in savings estimated at $300 million, while state 
bubbles have resulted in an estimated $135 million in cost savings. Average savings 
from federally approved bubbles are higher than those for state approved bubbles. 
Average savings from bubbles are higher than those from netting, which reflects the 
fact that bubble savings may be derived from several emissions sources in a single 
transaction, while netting usually involves cost savings at a single source. Finally, the 
cost savings from the use of banking cannot be estimated, but is necessarily small 
given the small number of banking transactions which have occurred. 

The performance evaluation of emissions trading activities reveals a mixed bag of 
accomplishments and disappointments. The program has clearly afforded many firms 
flexibility in meeting emission limits, and this flexibility has resulted in significant 
aggregate cost savings—in the billions of dollars. However, these cost savings have 
been realized almost entirely from internal trading. They fall far short of the potential 
savings which could be realized if there were more external trading. While cost savings 
have been substantial, the program has led to little or no net change in the level of 
emissions. 

The evolution of the emissions trading can best be understood in terms of a 
struggle over the nature and distribution of property rights. Emissions trading can be 
seen as a strategy by regulators to provide industry with increased flexibility while 
offering environmentalists continuing progress toward environmental quality goals. 
Meeting these two objectives requires a careful balancing act. To provide industry 
with greater flexibility, EPA has attempted to define a set of property rights that 
places few restrictions on their use. However, at the same time, EPA has to be sensitive 
to the concerns of environmentalists and avoid giving businesses too clear a property 
right to their existing level of pollution. The conflicting interests of these two groups 
have led regulators to create a set of policies which are specifically designed to 
deemphasize the explicit nature of the property right. The high transactions costs 
associated with external trading have induced firms to eschew this option in favor of 
internal trading or no trading at all. 

Like the preceding example of the Fox River, emissions trading is best viewed as 
an incremental departure from the existing approach. Property rights were grand- 
fathered. Most trading has been internal, and the structure of the Clean Air Act, 
including its requirement that new sources be controlled more stringently, was largely 
left intact. 


Lead Trading 

Lead trading stands in stark contrast to the preceding two marketable permit 
approaches. It comes by far the closest to an economist’s ideal of a freely functioning 
market. The purpose of the lead trading program was to allow gasoline refiners 
greater flexibility during a period when the amount of lead in gasoline was being 
significantly reduced. (For a more detailed analysis of the performance of the lead 
trading program, see Hahn and Hester, 1987.) 
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Unlike many other programs, the lead trading program was scheduled to have a 
fixed life from the outset. Interrefinery trading of lead credits was permitted in 1982. 
Banking of lead credits was initiated in 1985. The trading program was terminated at 
the end of 1987. Initially, the period for trading was defined in terms of quarters. No 
banking of credits was allowed. Three years after initiating the program limited 
banking was allowed, which allowed firms to carry over rights to subsequent quarters. 
Banking has been used extensively by firms since its initiation. 

The program is notable for its lack of discrimination among different sources, 
such as new and old sources. It is also notable for its rules regarding the creation of 
credits. Lead credits are created on the basis of existing standards. A firm does not 
gain any extra credits for being a large producer of leaded gasoline in the past. Nor is 
it penalized for being a small producer. The creation of lead credits is based solely on 
current production levels and average lead content. For example if the standard were 
1.1 grams per gallon, and a firm produces 100 gallons of gasoline, it would receive 
rights entitling it to produce or sell up to 110 (100 X 1.1) grams of lead. To the extent 
that current production levels are correlated with past production levels, the system 
acknowledges the existing distribution of property rights. However, this linkage is less 
explicit than those made in other trading programs.* 

The success of the program is difficult to measure directly. It appears to have had 
very little impact on environmental quality. This is because the amount of lead in 
gasoline is routinely reported by refiners and is easily monitored. The effect the 
program has had on refinery costs is not readily available. In proposing the rule for 
banking of lead rights, EPA estimated that resulting savings to refiners would be 
approximately $228 million (U.S. EPA, 1985a). Since banking activity has been 
somewhat higher than anticipated by EPA, it is likely that actual cost savings will 
exceed this amount. No specific estimate of the actual cost savings resulting from lead 
trading have been made by EPA. 

The level of trading activity has been high, far surpassing levels observed in other 
environmental markets. In 1985, over half of the refineries participated in trading. 
Approximately 15 percent of the total lead rights used were traded. Approximately 35 
percent of available lead rights were banked for future use or trading (U.S. EPA, 
1985b, 1986). In comparison, volumes of emissions trading have averaged well below 
1 percent of the potential emissions that could have been traded. 

From the standpoint of creating a workable regulatory mechanism that induces 
cost savings, the lead market has to be viewed as a success. Refiners, though initially 
lukewarm about this alternative, have made good use of this program. It stands out 
amidst a stream of incentive-based programs as the “noble” exception in that it 
conforms most closely to the economists’ notion of a smoothly functioning market. 

Given the success of this market in promoting cost savings over a period in which 
lead was being reduced, it is important to understand why the market was successful. 


4 é Gah ite 

One of the reasons EPA set up the allocation rule in this way was to try to transfer some of the permit rents 
from producers to consumers. This will not always occur, however, and depends on the structure of the 
permits market as well as the underlying production functions. 
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The lead market had two important features which distinguished it from other 
markets in environmental credits. The first was that the amount of lead in gasoline 
could be easily monitored with the existing regulatory apparatus. The second was that 
the program was implemented after agreement had been reached about basic environ- 
mental goals. In particular, there was already widespread agreement that lead was to 
be phased out of gasoline. This suggests that the success in lead trading may not be 
easily transferred to other applications in which monitoring is a problem, or environ- 
mental goals are poorly defined. Nonetheless, the fact that this market worked well 
provides ammunition for proponents of market-based incentives for environmental 
regulation. 


New Directions for Marketable Permits 

An interesting potential application for marketable permits has arisen in the area 
of nonpoint source pollution.? In 1984, Colorado implemented a program which 
would allow limited trading between point and nonpoint sources for controlling 
phosphorous loadings in Dillon Reservoir (Elmore et al., 1984). Firms receive an 
allocation based on their past production and the holding capacity of the lake. At this 
time, no trading between point and nonpoint sources has occurred. 

As in the case of the Fox River program, point sources are required to make use 
of the latest technology before they are allowed to trade. The conventional permitting 
system is used as a basis for trading. Moreover, trades between point and nonpoint 
sources are required to take place on a 2 for | basis. This means for each gram of 
phosphorous emitted from a point source under a trade, two grams must be reduced 
from a nonpoint source. Annual cost savings are projected to be about $800,000 
(Kashmanian et al., 1986, p. 14); however, projected savings are not always a good 
indicator of actual savings, as was illustrated in the case of the Fox River. 

EPA is also considering using marketable permits as a way of promoting 
efficiency in the control of chlorofluorocarbons and halons which lead to the depletion 
of stratospheric ozone.® In its notice of proposed rulemaking, EPA suggested grand- 
fathering permits to producers based on their 1986 production levels, and allowing 
them to be freely traded. This approach is similar to earlier approaches which the 
agency adopted for emissions trading and lead trading. 

The applications covered in this section illustrate that there are a rich array of 
mechanisms that come under the heading of marketable permits. The common 
element seems to be that the primary motivation behind marketable permits is to 
provide increased flexibility in meeting prescribed environmental objectives. This 
flexibility, in turn, allows firms to take advantage of opportunities to reduce their 
expenditures on pollution control without sacrificing environmental quality. However, 
the rules of the marketable permits can sometimes be so restrictive that the flexibility 


they offer is more imaginary than real. 


Point sources represent sources which are well-defined, such as a factory smokestack. Nonpoint sources 
refer to sources whose emission points are not readily identified, such as fertilizer runoff from farms. 
© BPA’s decision to use a market-based approach to limit stratospheric ozone depletion is examined in Hahn 


and McGartland (1988). 
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Charges in Practice 


Charge systems in four countries are examined. Examples are drawn from 
France, Germany, the Netherlands, and the United States. Particular systems were 
selected because they were thought to be significant either in their scope, their effect 
on revenues, or their impact on the cost effectiveness of environmental regulation. 
While the focus is on water effluent charges, a variety of systems are briefly mentioned 
at the end of this section which cover other applications. 


Charges in France 

The French have had a system of effluent charges on water pollutants in place 
since 1969 (Bower et al., 1981). The system is primarily designed to raise revenues 
which are then used to help maintain or improve water quality. Though the 
application of charges is widespread, they are generally set at low levels.’ Moreover, 
charges are rarely based on actual performance. Rather, they are based on the 
expected level of discharge by various industries. There is no explicit connection 
between the charge paid by a given discharger and the subsidy received for reducing 
discharges (Bower et al., 1981, p. 126). However, charges are generally earmarked for 
use in promoting environmental quality in areas related to the specific charge. The 
basic mechanism by which these charges improve environmental quality is through 
judicious earmarking of the revenues for pollution abatement activities. 

In evaluating the charge system, it is important to understand that it is a major, 
but by no means dominant, part of the French system for managing water quality. 
Indeed, in terms of total revenues, a sewage tax levied on households and commercial 
enterprises is larger in magnitude (Bower et al., 1981, p. 142). Moreover, the sewage 
tax is assessed on the basis of actual volumes of water used. Like most other charge 
systems, the charge system in France is based on a system of water quality permits, 
which places constraints on the type and quantity of effluent a firm may discharge. 
These permits are required for sources discharging more than some specified quantity 
(Bower et al., 1981, p. 130). 

Charges now appear to be accepted as a way of doing business in France. They 
provide a significant source of revenues for water quality control. One of the keys to 
their initial success appears to have been the gradual introduction and raising of 
charges. Charges started at a very low level and were gradually raised to current levels 
(Bower et al., 1981, p. 22). Moreover, the pollutants on which charges are levied has 
expanded considerably since the initial inception of the charge program.® 


Charges in Germany 
The German system of effluent charges is very similar to the French system. 
Effluent charges cover a wide range of pollutants, and the charges are used to cover 
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Charges cover a wide variety of pollutants, including suspended solids, biological oxygen demand, chemical 
oxygen demand, and selected toxic chemicals. 
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or example, Brown (1984, p. 114) notes that charges for nitrogen and phosphorous were added in 1982. 
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administrative expenses for water quality management and to subsidize projects which 
improve water quality (Brown and Johnson, 1984, p. 934, 939, 945). The bills that 
industry and municipalities pay are generally based on expected volume and con- 
centration (Brown and Johnson, 1984, p. 934). Charges vary by industry type as well 
as across municipalities. Charges to industries and municipalities depend on several 
variables, including size of the municipality, desired level of treatment, and age of 
equipment (Brown and Johnson, 1984, pp. 934, 938). 

Charges have existed in selected areas of Germany for decades (Bower et al., 
1981, p. 299). Management of water quality is delegated to local areas. In 1981, a 
system of nationwide effluent charges was introduced (Bower et al., 1981, p. 226). The 
federal government provided the basic framework in its 1976 Federal Water Act and 
Effluent Charge Law (Brown and Johnson, 1984, p. 930). Initially, industry opposed 
widespread use of charges. But after losing the initial battle, industry focused on how 
charges would be determined and their effective date of implementation (Brown and 
Johnson, 1984, p. 932). While hard data are lacking, there is a general perception that 
the current system is helping to improve water quality. 


Charges in the Netherlands 

The Netherlands has had a system of effluent charges in place since 1969 (Brown 
and Bresssers, 1986, p. 4). It is one of the oldest and best administered charge systems, 
and the charges placed on effluent streams are among the highest. In 1983, the 
effluent charge per person was $17 in the Netherlands, $6 in Germany, and about $2 
in France (Brown and Bressers, 1986, p. 5). Because of the comparatively high level of 
charges found in the Netherlands, this is a logical place to examine whether charges 
are having a discernible effect on the level of pollution. Bressers (1983), using a 
multiple regression approach, argues that charges have made a significant difference 
for several pollutants. This evidence is also buttressed by surveys of industrial polluters 
and water board officials which indicate that charges had a significant impact on firm 
behavior (Brown and Bressers, 1986, pp. 12-13). This analysis is one of the few 
existing empirical investigations of the effect of effluent charges on resulting pollution. 

The purpose of the charge system in the Netherlands is to raise revenue that will 
be used to finance projects that will improve water quality (Brown and Bressers, 1986, 
p. 4). Like its counterparts in France and Germany, the approach to managing water 
quality uses both permits and effluent charges for meeting ambient standards (Brown 
and Bressers, 1986, p. 2).° Permits tend to be uniform across similar discharges. The 
system is designed to ensure that water quality will remain the same or get better 
(Brown and Bressers, 1986 p. 2). Charges are administered both on volume and 
concentration. Actual levels of discharge are monitored for larger polluters, while 
small polluters often pay fixed fees unrelated to actual discharge (Bressers, 1983, 


p. 10). 


2£mission and effluent standards apply to individual sources of pollution while ambient standards apply to 


regions such as a lake or an air basin. 
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Charges have exhibited a slow but steady increase since their inception (Brown 
and Bressers, 1986, p. 5). This increase in charges has been correlated with declining 
levels of pollutants. Effluent discharge declined from 40 population equivalents in 
1969 to 15.3 population equivalents in 1980, and it was projected to decline to 4.4 
population equivalents in 1985 (Brown and Bressers, 1986, p. 10). Thus, over 15 years, 
this measure of pollution declined on the order of 90 percent. 

As in Germany, there was initial opposition from industry to the use of charges. 
Brown and Bressers (1986, p. 4) also note opposition from environmentalists, who tend 
to distrust market-like mechanisms. Nonetheless, charges have enjoyed widespread 
acceptance in a variety of arenas in the Netherlands. 

One final interesting feature of the charge system in the Netherlands relates to 
the differential treatment of new and old plants. In general; newer plants face more 
stringent regulation than older plants (Brown and Bressers, 1986, p. 10). As we shall 
see, this is also a dominant theme in American regulation. 


Charges in the United States 

The United States has a modest system of user charges levied by utilities that 
process wastewater, encouraged by federal environmental regulations issued by the 
Environmental Protection Agency. They are based on both volume and strength, and 
vary across utilities. In some cases, charges are based on actual discharges, and in 
others, as a rule of thumb, they are related to average behavior. In all cases, charges 
are added to the existing regulatory system which relies heavily on permits and 
standards. 

Both industry and consumers are required to pay the charges. The primary 
purpose for the charges is to raise revenues to help meet the revenue requirements of 
the treatment plants, which are heavily subsidized by the federal government. The 
direct environmental and economic impact of these charges is apparently small 
(Boland, 1986, p. 12). They primarily serve as a mechanism to help defray the costs of 
the treatment plants. Thus, the charges used in the United States are similar in spirit 
to the German and French systems already described. However, their size appears to 
be smaller, and the application of the revenues is more limited. 


Other Fee-Based Systems and Lessons 

There are a variety of other fee-based systems which have not been included in 
this discussion. Brown (1984) did an analysis of incentive-based systems to control 
hazardous wastes in Europe and found that a number of countries had adopted 
systems, some of which had a marked economic effect. The general trend was to use 
either a tax on waste outputs or tax on feedstocks that are usually correlated with the 
level of waste produced. Companies and government officials were interviewed to 
ascertain the effects of these approaches. In line with economic theory, charges were 
found to induce firms to increase expenditures on achieving waste reduction through a 
variety of techniques including reprocessing of materials, treatment, and input and 
output substitution. Firms also devoted greater attention to separating waste streams 
because prices for disposal often varied by the type of waste stream. 
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The United States has a diverse range of taxes imposed on hazardous waste 
streams. Several states have land disposal taxes in place. Charges exhibit a wide 
degree of variation across states. For example, in 1984, charges were $14/tonne in 
Wisconsin and $70.40/tonne in Minnesota (U.S. CBO, 1985, p. 82). Charges for 
disposal at landfills also vary widely, The effect of these different charges is very 
difficult to estimate because of the difficulty in obtaining the necessary data on the 
quantity and quality of waste streams, as well as the economic variables. 

The preceding analysis reveals that there are a wide array of fee-based systems in 
place designed to promote environmental quality. In a few cases, the fees were shown 
to have a marked effect on firm behavior; however, in the overwhelming majority of 
cases studied, the direct economic effect of fees appears to have been small. Several 
patterns repeat themselves through these examples. 

First, the major motivation for implementing emission fees is to raise revenues, 
which are then usually earmarked for activities which promote environmental 
quality.'° Second, most charges are not large enough to have a dramatic impact on 
the behavior of polluters. In fact, they are not designed to have such an effect. They 
are relatively low and not directly related to the behavior of individual firms and 
consumers. Third, there is a tendency for charges to increase faster than inflation over 
time. Presumably, starting out with a relatively low charge is a way of testing the 
political waters as well as determining whether the instrument will have the desired 
effects. 


Implementing Market-Based Environmental Programs 


An examination of the charge and marketable permits schemes reveals that they 
are rarely, if ever, introduced in their textbook form. Virtually all environmental 
regulatory systems using charges and marketable permits rely on the existing permit- 
ting system. This result should not be terribly surprising. Most of these approaches 
were not implemented from scratch; rather, they were grafted onto regulatory systems 
in which permits and standards play a dominant role. 

Perhaps as a result of these hybrid approaches, the level of cost savings resulting 
from implementing charges and marketable permits is generally far below their 
theoretical potential. Cost savings can be defined in terms of the savings which would 
result from meeting a prescribed environmental objective in a less costly manner, As 
noted, most of the charges to date have not had a major incentive effect. We can infer 
from this that polluters have not been induced to search for a lower cost mix of 
meeting environmental objectives as a result of the implementation of charge schemes. 
Thus, it seems unlikely that charges have performed terribly well on narrow efficiency 
grounds. The experience on marketable permits is similar. Hahn and Hester (1986) 


'0The actual application of fees is similar in spirit to the more familiar deposit-refund approaches that are 
used for collecting bottles and cans. 
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argue that cost savings for emissions trading fall far short of their theoretical potential. 
The only apparent exception to this observation is the lead trading program, which 
has enjoyed very high levels of trading activity. 

The example of lead trading leads to another important observation; in general, 
different charge and marketable permit systems exhibit wide variation in their effect 
on economic efficiency. On the whole, there is more evidence for cost savings with 
marketable permits than with charges. 

While the charge systems and marketable permit systems rarely perform well in 
terms of efficiency, it is important to recognize that their performance is broadly 
consistent with economic theory. This observation may appear to contradict what was 
said earlier about the departure of these systems from the economic ideal. However, it 
is really an altogether different observation. It suggests that the performance of the 
markets and charge systems can be understood in terms of basic economic theory. For 
example, where barriers to trading are low, more trading is likely to occur. Where 
charges are high and more directly related to individual actions, they are more likely 
to affect the behavior of firms or consumers. 

If these instruments are to be measured by their effect on environmental quality, 
the results are not very impressive. In general, the direct effect of both charges and 
marketable permits on environmental quality appears to be neutral or slightly 
positive. The effect of lead trading has been neutral in the aggregate. The effect of 
emissions trading on environmental quality has probably been neutral or slightly 
positive. The direct effect of charges on polluter incentives has been modest, although 
the indirect environmental effect of spending the revenue raised by charges has been 
significant. 

The evidence on charges and marketable permits points to an intriguing conclu- 
sion about the nature of these instruments. Charges and marketable permits have 
played fundamentally different roles in meeting environmental objectives. Charges are 
used primarily to improve environmental quality by redistributing revenues. Marketa- 
ble permits are used primarily to promote cost savings. 

The positive theory of instrument choice as it relates to pollution control has been 
greatly influenced by the work of Buchanan and Tullock (1975). They argue that 
firms will prefer emission standards to emission taxes because standards result in 
higher profits. Emission standards serve as a barrier to entry to new firms, thus raising 
firm profits. Charges, on the other hand, do not preclude entry by new firms, and also 
represent an additional cost to firms. Their argument is based on the view that 
industry is able to exert its preference for a particular instrument because it is more 
likely to be well-organized than consumers. 

While this argument is elegant, it misses two important points. The first is that 
within particular classes of instruments, there is a great deal of variation in the 
performance of instruments. The second is that most solutions to problems involve the 
application of multiple instruments. Thus, while the Buchanan and Tullock theory 
explains why standards are chosen over an idealized form of taxes, it does little to help 
explain the rich array of instruments that are observed in the real world, In particular, 
under what situations would we be likely to observe different mixes of instruments? 
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Several authors have explored these different issues for instrument choice within this 
basic framework (Coelho, 1976; Dewees, 1983; Yohe, 1976). The basic insight of this 
work is that the argument that standards will be preferred to taxes depends on the 
precise nature of the instruments being compared. 

Another weakness in the existing theory is that the instruments are not generally 
used in the way that is suggested by the theory. Most emissions charges, for example, 
are used as a revenue raising device for subsidizing abatement activity, but a few also 
have pronounced direct effects on polluters. Most marketable permit approaches are 
not really designed to create markets. Moreover, the different types of trading schemes 
perform with widely varying success. 

The data from the examples given earlier can be used to begin to piece together 
some of the elements of a more coherent theory of instrument choice. For example, it 
is clear that distributional concerns play an important role in the acceptability of user 
charges. The revenue from such charges is usually earmarked for environmental 
activities related to those contributions. Thus, charges from a noise surcharge will be 
used to address noise pollution. Charges for water discharges will be used to construct 
treatment plants and subsidize industry in building equipment to abate water pollu- 
tion. This pattern suggests that different industries want to make sure that their 
contributions are used to address pollution problems for which they are likely to be 
held accountable. Thus, industry sees it as only fair that, as a whole, they get some 
benefit from making these contributions. 

The “recycling” of revenues from charges points up the importance of the 
existing distribution of property rights. This is also true in the case of marketable 
permits. The “grandfathering” of rights to existing firms based on the current 
distribution of rights is an important focal point in many applications of limited 
markets in pollution rights (Rolph, 1983; Welch, 1983). All the marketable permit 
programs in the United States place great importance on the existing distribution of 
rights, 

In short, all of the charge and marketable permit systems described earlier place 
great importance on the status quo. Charges, when introduced, tend to be phased in. 
Marketable permits, when introduced, usually are optional in the sense that existing 
firms can meet standards through trading of permits or by conventional means. In 
contrast, new or expanding firms are not always afforded the same options. For 
example, new firms must still purchase emission credits if they choose to locate in a 
non-attainment area, even if they have purchased state-of-the-art pollution control 
equipment and will pollute less than existing companies. This is an example of a 
“bias” against new sources. While not efficient from an economic viewpoint, this 
pattern is consistent with the political insight that new sources don’t “vote” while 
existing sources do. 

Though the status quo is important in all applications studied here, it does not 
explain by itself the rich variety of instruments that are observed. For example, there 
has been heated controversy over emissions trading since its inception, but compara- 
tively little controversy over the implementation of lead trading. How can economists 
begin to understand the difference in attitudes towards these two programs? 
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There are several important differences between emissions trading and lead 
trading. In the case of lead standards, there appears to be agreement about the 
distribution of property rights, and the standard that defined them. Refiners had the 
right to put lead in gasoline at specified levels during specified time periods, Lead in 
gasoline was reduced to a very low level at the end of 1987. In contrast to lead, there 
is great disagreement about the underlying distribution of property rights regarding 
emissions trading. Environmentalists continue to adhere to the symbolic goal of zero 
pollution. Industry believes and acts as if its current claims on the environment, 
without any emission reductions, represent a property right. 

In the case of lead trading, output could be relatively easily monitored using the 
existing regulatory apparatus. This was not the case for emissions trading. A new 
system was set up for evaluating proposed trades. This was, in part, due to existing 
weaknesses in the current system of monitoring and enforcement. It was also a result 
of concerns that environmentalists had expressed about the validity of such trades. 

The effect that emissions trading was likely to have on environmental quality was 
much less certain than that of the lead trading program. Some environmentalists 
viewed emissions trading as a loophole by which industry could forestall compliance, 
and Hahn and Hester (1986) found some evidence that bubbles were occasionally 
used for that purpose. The effects of lead trading were much more predictable. Until 
1985, there was no banking, so the overall temporal pattern of lead emissions 
remained unchanged under the program. With the addition of banking in 1985, this 
pattern was changed slightly, but within well-defined limits. 

To accommodate these differing concerns, different rules were developed for the 
two cases. In the case of lead trading, rights are traded on a one-for-one basis. In 
contrast, under emissions trading, rights are not generally traded on a one-for-one 
basis. Rather, most trades must show a net improvement in environmental quality. In 
the case of lead, all firms are treated equally from the standpoint of trading. In the 
case of emissions trading, new firms must meet stringent standards before being 
allowed to engage in trading. 

This comparison suggests is that it is possible to gain important insights into the 
likely performance and choice of instruments by understanding the forces that led to 
their creation. Analyzing the underlying beliefs about property rights to pollution may 
be vital both for the political success of the measure and for how well it works in terms 
of pure economic efficiency. 

This view of efficiency is similar to, but should not be confused with, the notion of 
efficiency advanced by Becker (1983). Becker argues that government will tend to 
choose mechanisms which are more efficient over those which are less efficient in 
redistributing revenues from less powerful to more powerful groups. To the extent that 
his argument is testable, I believe it is not consistent with the facts. For example, the 
USS. currently has a policy that directs toxic waste dumps to be cleaned up in priority 
order. The policy makes no attempt to examine whether a greater risk reduction could 
be attained with a different allocation of expenditures. Given a finite budget con- 
straint, this policy does not make sense from a purely economic viewpoint. However, it 
might make sense if environmentalists hoped that more stringent policies would 
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emerge in the future. Or it might make sense if Congress wants to be perceived as 
doing the job “right,” even if only a small part of the job gets done. 

A second example can be drawn from emissions trading. It is possible to design 
marketable permit systems which are more efficient and ensure better environmental 
quality over time (Hahn and Noll, 1982; Hahn, 1987), yet these systems have not 
been implemented. Environmentalists may be reluctant to embrace market alterna- 
tives because they fear it may give a certain legitimacy to the act of polluting. 
Moreover, they may not believe in the expected results. Thus, for Becker’s theory to 
hold in an absolute sense, it would be necessary to construct fairly complicated utility 
functions. The problem is that the theory does not explicitly address how choices are 
made by lobbyists, legislators and bureaucrats (Campos, 1987). 

These choices may be made in different ways in different countries. How can it be 
explained, for example, that a large array of countries use fees, while only two 
countries use marketable permits (and the application of permits in Germany is fairly 
limited)? Noll (1983) has argued that the political institutions of different countries 
can provide important clues about regulatory strategy. In addition, the comparison of 
lead trading and emissions trading revealed that the very nature of the environmental 
problem can have an important effect on interest group attitudes. 

Interest group attitudes can be expected to vary across countries. In the Nether- 
lands, Opschoor (1986, p. 15) notes that environmental groups tend to prefer charges 
while employer groups prefer regulatory instruments. Barde (1986, pp. 10-11) notes 
that the political “acceptability” of charges is high in both France and the Nether- 
lands. Nonetheless, some French airlines have refused to pay noise charges because the 
funds are not being used (Barde, 1986, p. 12). In Italy, there has been widespread 
opposition from industry and interest groups (Panella, 1986, pp. 6, 22). While 
German industry has accepted the notion of charges, some industries have criticized 
the differential charge rates across jurisdictions. In the United States, environmenta- 
lists have shown a marked preference for regulatory instruments, eschewing both 
charges and marketable permits. These preferences may help to explain the choice of 
instruments in various countries as well as the relative utilization of different instru- 
ments. In addition, interest groups in different countries will share different clusters of 
relevant experiences, which will help to determine the feasible space for alternatives. 

In short, existing theories could benefit from more careful analysis of the 
regulatory status quo, underlying beliefs about property rights, and how political 
choices are actually made in different countries. 

The review of marketable permits and charge systems has demonstrated that 
regulatory systems involving multiple instruments are the rule rather than the 
exception. The fundamental problem is to determine the most appropriate mix, with 
an eye to both economic and political realities. 

In addition to selecting an appropriate mix of instruments, attention needs to be 
given to the effects of having different levels of government implement selected 
policies. It might seem, for example, that if the problem is local, then the logical 
choice for addressing the problem is the local regulatory body. However, this is not 
always true. Perhaps the problem may require a level of technical expertise that does 
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not reside at the local level, in which case some higher level of government involve- 
ment may be required. What is clear from a review of implementing environmental 
policies is that the level of oversight can affect the implementation of policies. For 
example, Hahn and Hester (1986) note that a marked increase in bubble activity is 
associated with a decrease in federal oversight. 

Because marketable permit approaches have been shown to have a demonstrable 
effect on cost savings without sacrificing environmental quality, this instrument can be 
expected to receive more widespread use. One factor which will stimulate the 
application of this mechanism is the higher marginal costs of abatement that will be 
faced as environmental standards are tightened. A second factor which will tend to 
stimulate the use of both charges and marketable permits is a “demonstration effect.” 
Several countries have already implemented these mechanisms with some encouraging 
results. The experience gained in implementing these tools will stimulate their use in 
future applications. A third factor which will affect the use of both of these ap- 
proaches is the technology of monitoring and enforcement. As monitoring costs go 
down, the use of mechanisms such as direct charges and marketable permits can be 
expected to increase. The combination of these factors leads to the prediction that 
greater use of these market-based environmental systems will be made in the future. 


m This research was funded by the National Science Foundation and the Program for Technology 
and Society at Carnegie Mellon University. I would like to thank Gordon Hester, Dan Nagin, and 
the editors for helpful comments. The views expressed herein are those of the author and do not 
necessarily reflect the views of the Council of Economic Advisers. 
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Methods of Measuring 
the Demand for and Value of 


OUTDOOR RECREATION 


By MARION CLAWSON 


For several reasons, in recent years there has been a greatly 
increased interest in the measurement of demand for and value 
of outdoor recreation. At the same time, there has been a general 
dissatisfaction with the existing state of knowledge and methods of 
analysis. This statement is offered in that hope that it may con- 
tribute to a better understanding of several important related is- 
sues affecting outdoor recreation. 

The use of outdoor recreation has been increasing rapidly for 
many years. For the period since the war, the rate of increase 
from year to year has run around 10 per cent for many types of 
areas—higher for some, lower for others.1 Where records are avail- 
able for comparatively long periods, it is evident that this rate of 
increase has been operative for many years. Thus, both national 
parks and national forests show growth curves approximating this 
rate. During the war, under the impact of gasoline rationing and 
other travel restrictions, use of the more distant areas fell off 
sharply. But use does not decline sharply during depression, and 
in some minor depressions and for some types of areas it has ac- 
tually continued to increase, though at a slower rate. The major 
factors behind the persistent, steady, relatively rapid rise in use of 
outdoors recreation areas have been increased total population, 
higher real incomes per capita, greater leisure, and more travel. 
Since each of these factors is expected to show higher values for 
the future than today, the trend toward still greater use of outdoor 
recreation areas presumably will continue. Thus far, there is no 
evidence at all of a slackening in the rate of growth; at some future 
date, presumably the growth curve will begin to flatten out, but 
there is no sign of that now. 

The competition for land and water resources for all major 


1 Marion Clawson, Statistics on Outdoor Recreation (Washington: Resources for 
the Future, Inc.), April 1958. 
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uses is also increasing. After all, the area of land and the volume 
of water are essentially fixed, although their usefulness can be in- 
creased through capital investment and in other ways. The proper 
role of recreation as a user of land and water, or as one use ina 
multiple-purpose program for either, is not easy to measure. In 
the case of water developments particularly, but also to a degree in 
management of land, it is customary to measure the economic or 
monetary gains and costs of each use of land or water. If this pro- 
cess is to be carried to its conclusion, and if recreation is to be 
considered in the same manner as alternative uses of the resources, 
then a value must be put on the amount of recreation provided. 

If we could place an accurate and acceptable value on out- 
door recreation, this would be valuable in resource management in 
several ways. First of all, it would provide a means for comparing 
the importance of recreation with that of other uses of the same 
resources—water in multiple-use water projects, land under mul- 
tiple-use management programs. As I shall point out later, factors 
other than comparative values might well be decisive in decisions 
about use of resources, yet such values would be helpful. Secondly, 
the value of the recreation to be provided by a proposed recrea- 
tion project, such as a new park, would provide one measure of 
the desirability of making the necessary investment in the project. 
Thirdly, the value of the recreation would provide a ceiling to any 
fees that might be charged for its use. An accurate estimate of the 
demand for recreation, in the economist’s sense of the term, would 
permit advance estimates of the level of entrance fees which would 
just pay operating and maintenance costs, if it were desired to 
charge fees at this level. Other uses for accurate and detailed esti- 
mates of values of recreation probably exist also. 

It is for the foregoing reasons that there has been a good deal 
of pressure for the development of monetary measures of the value 
of outdoor recreation. Many arguments can be advanced in favor 
of such a process.’ The chief argument is that any reasonable esti- 
mate of value is better than none at all. Those who advance this 
argument assume that recreation must in some way be compared, 
and the more directly the better, with other land and water uses. 
They argue that not placing a value on recreation is, in this con- 
text, equivalent to placing a zero value on it. It might be pointed 


* Albert M. Trice and Samuel E. Wood, “Measurement of Recreation Benefits,” 
Land Economics, Vol. xxxiv No. 3, August 1958. See also the discussion of their article 
in the succeeding issue of the same journal. 
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out to those who maintain this position that an estimate which 
was more than twice the true figure—however the latter is defined 
—would introduce more error than a zero figure. But there is con- 
siderable merit in the position that rational planning of resource 
development requires a value on recreation wherever it is one of 
the major uses of land or water. 

On the other hand, many have argued against trying to place 
specific monetary values on outdoor recreation. Arguments against 
trying to put a value on outdoor recreation fall into two general 
categories: (1) it can’t be done,’ and (2) it is undesirable to try.‘ 
Those who argue that an accurate value cannot be put on outdoor 
recreation may base their objections on theoretical or practical 
grounds. Some argue that the whole valuation process is inappli- 
cable to essentially subjective experiences. They will ask how one 
can put a value on the unique and highly personal experience of 
viewing the Big Trees or the Grand Canyon or some other out- 
standing spectacle for the first time. They will stress the unique 
character of such experiences, their emotional content, their in- 
tensely personal character, and argue that placing a monetary value 
on such experiences is a little like placing a monetary value on a 
mother’s love for her child. The present author has found some of 
the statements about the best outdoor areas and their values, rem- 
iniscent of the statements made by the early economists who strove 
to explain the value of goods such as rare pictures, which had a 
value but provided no tangible service. Those who argue against 
monetary valuation of subjective experiences overlook the fact 
that we do this all the time, not only for such exotics as master- 
pieces of painting but also for schooling, medicine, and many 
other aspects of life. 


A different type of argument is also employed against mone- 
tary values for outdoor recreation—namely, that the practical dif- 
ficulties of measuring value are too great, even if the theoretical 
difficulties are solved. Surely something must be conceded to this 
viewpoint; it would probably be difficult to get fully satisfactory 


3 This is essentially the conclusion of the most formal study of the subject to date: 
Roy A. Prewitt, The Economics of Public Recreation- an Economic Study of the Mone- 
tary Evaluation of Recreation in the National Parks, National Park Service, Department 
of the Interior, 1949. ‘. .. there is no acceptable standard of evaluation that can be 
used to place a monetary value on recreation that is not arbitrary.” (P. 27). 


“That the record may be clear, let me admit that I took essentially this position 
in Uncle Sam’s Acres (New York: Dodd. Mead, 1951). 
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data on which to measure the value of outdoor recreation. But 
perhaps these difficulties have been exaggerated. 

The second major argument against trying to place a mone- 
tary value on outdoor recreation is that it may be unwise to com- 
pute specific monetary values for something on which the major 
decisions will be, or should be, based on other grounds. Those 
who support outdoor recreation as a healthful activity—or as a 
socially necessary one—would deny that the monetary values 
should be the chief criterion, no matter how accurately such val- 
ues could be defined and measured. They would support certain 
areas for certain types of outdoor recreation, regardless of monetary 
values, and could surely cite strong arguments for their position. 
In this regard, such advocates of outdoor recreation are in a posi- 
tion analogous to those who suppoit universal education—while 
its value may be great, exceeding its cost, the real arguments for 
it are different, and not much conditioned by estimates of mon- 
etary value. 

The major premise of this paper is that it is both theoretically 
possible and practically manageable to put monetary values on 
outdoor recreation. The conceptual and theoretical problems, 
while somewhat novel, are not insurmountable nor perhaps un- 
usually difficult; the problem of getting accurate and dependable 
data is serious, but still manageable. On the other hand, while 
such monetary valuation can be useful for sound resource plan- 
ning, too heavy reliance should not be placed upon monetary val- 
ues. In our modern affluent society, we both can and should con- 
cern ourselves with the composition of our economic output as 
well as its amount, and with the kind of society we fashion for 
ourselves to live in. In this regard, outdoor recreation may be in 
the same category as education, health, and several other major 
aspects of our modern society. 


SOME COMMON CONCEPTS APPLIED TO OUTDOOR RECREATION 


Before attempting to measure the net rent or value of the rec- 
reation opportunity as such, let us examine four concepts applied 
more or less frequently to outdoor recreation. They are: 

1. The gross volume of business generated by reason of the 
outdoor recreation opportunities. Estimates of this amount 
have been made in many instances, are widely popular, and 
even have been used as in some way, usually indefinitely, re- 
lated to the value of the recreation opportunity itself. 
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2. The value added by local business, in the above estimated 
gross expenditures. Since only part of the gross expenditures 
represent a local contribution, an obvious step is to try esti- 
mating the part of total expenditures which represents local 
economic activities. 

3. The demand for outdoor recreation, in the strict eco- 
nomic sense of the word “demand.” This should measure a 
willingness of users to pay measurable or definable sums of 
money for specified volumes of outdoor recreation. 

4. Consumer’s surplus arising from specific outdoor recrea- 
tion opportunity. When some people get recreation free or at 
low cost, when they would be willing to pay relatively large 
sums rather than do without it, then some measure of con- 
sumer surplus exists. How may it be defined more precisely, 
and how measured? t 
We shall now examine each of these concepts in greater de- 

tail, to see more exactly what each tries to measure, how each may 
be estimated, and what usefulness each may have if accurately 
estimated. 


Gross VOLUME OF BUSINESS FROM RECREATION 


People who partake of outdoor recreation, especially that lo- 
cated relatively long distances away from their homes,necessarily 
spend money in so doing. These expenditures are for many pur- 
poses, and are likely to be made in many places. Estimates of such 
gross expenditures have been made by many groups—those inter- 
ested in travel to national parks, those interested in travel of all 
kinds, those interested in tourist promotion within specific states 
or districts thereof, local Chambers of Commerce, and many 
others.» The same approach has been used for specific types of 


’ Yosemite National Park Travel Survey, National Park Service, California Divi- 
sion of Highways, and Bureau of Public Roads, 1953; Glacier National Park Tourist 
Survey, Montana State Highway Commission, Bureau of Public Roads, and National 
Park Service, 1951; Grand Canyon Travel Survey, Arizona Highway Department, 
Bureau of Public Roads, and National Park Service, 1954; Shenandoah National Park 
Tourist Survey, Virginia Department of Highways, National Park Service, and Bureau 
of Public Roads, 1952; Vacation Survey, Rogue River Basin, National Park Service, 
1950; The Great Smoky Mountains National Park Travel Study, North Carolina State 
Highway and Public Works Commission, Tennessee State Department of Highways 
and Public Works, and United States Bureau of Fublic Roads, 1956; Americans on 
the Highway, A Report on Habits and Patterns in Vacation Travel, American Auto- 
mobile Association, sixth edition, 1956; The Travel Market among U. S. Families with 
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outdoor activities, such as fishing and hunting.° 

Such estimates of gross expenditures for outdoor recreation 
are very popular, in many quarters. For one thing, they are likely 
to yield large figures, even if accurate—and they have at times 
been suspected of exaggeration. If one can say that the tourist 
business leads to the expenditure of billions of dollars within a 
the state, and that this sum is exceeded only by the gross output 
of automobile manufacture, or farming, or some other activity, 
then one is likely to be able to impress most listeners with the im- 
portance of the tourist business. Such large figures are likely to 
give the impression of a large and profitable business. Indeed, this 
is one of their chief purposes. If visitors to Y national park spent 
Z millions of dollars in such visits and the trips necessary thereto, 
then Y national park must be an important part of the economic 
life of the state in which it is located. 

Such gross expenditure estimates have at times been used in 
planning multiple-purpose water developments, as an indication of 
the value of the recreation opportunity provided by the specific 
projects. It has been argued that those persons making such ex- 
penditures must have gotten value received, or they would not 
have made them, and especially would not have continued to do 
so year after year. If the gross value of recreation was M millions 
of dollars, while the gross value of electric power produced was N 
million dollars, then the ratio of M to N somehow suggests the 
relative importance of the two. 

But no one can be very happy about these estimates of gross 
expenditures on recreation. They are probably subject to consid- 
erable error of estimate, but a more important limitation is their 
meaning. In the first place, it is obvious that not all the reported 
expenditure is actually new or increased expenditure—some of it 
is merely “‘credited” here when otherwise it would have shown up 
somewhere else. Food bought while on vacation, for instance, re- 


Annual Incomes of $5,000 or More, Research Department, The Curtis Publishing Com- 
pany, 1955; and How States Find Out About Their Tourist Trade, by Robert S. Fried- 
man, Bureau of Governmental Research, University of Maryland. These are only some 
of the references that have come to the author’s attention; many others exist, especially 
for local areas and of an informal kind. 


’ National Survey of Fishing and Hunting, Fish and Wildlife Service, Department 
of the Interior, Circular 44, 1955; and An Evaluation of Wildlife Resources in the 
State of Washington, by Robert F. Wallace, Bulletin No. 28, Bureau of Economic 
and Business Research, State College of Washington, 1956. This latter publication 
lists and analyzes some eight other publications in this general field. 
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places food that would otherwise have been bought at home. In 
total, of course, it might be argued that people would have spent 
as much of their total incomes if they had not gone to enjoy out- 
door recreation as they did while enjoying it. But, even within 
categories, expenditures associated with the outdoor recreation 
experience are not new or additional, but rather to a greater or 
lesser degree are substitutes. 

In the second place, whatever may be the amount of the total 
expenditure, and whether it is all new or partly substitute, the full 
effect of the expenditure is not felt in the area where the outdoor 
recreation opportunity lies, in many cases. Some of what the fam- 
ily spends will be spent in its own home community. Food, gas- 
oline, and most other items are often bought in the home com- 
munity. Perhaps a boat will be rented at the park, or other minor 
expenditures made there. But it is precisely because expenditures 
for this type of recreation are typically not made in the local area, 
that units of local government are often unenthusiastic over hordes 
of outside visitors to a local recreation attraction. Moreover, of 
what is spent in the local area, much must in turn be spent out- 
side to buy the goods or service sold to the vacationer. 

Although the gross expenditure estimates have their greatest 
appeal as an indicator of total business opportunity, it is not pos- 
sible to go from them to any firm estimate of the volume and inci- 
dence of local business created thereby. 

Another serious shortcoming of the gross expenditure data is 
the lack of comparablity between them and estimates of gross out- 
put in other activities, especially other activities related to the 
same resources. If the gross expenditures by vacationers were 
equal to the gross value of the output of electric power, for in- 
stance, one could not thereby assume that each was equally sig- 
nificant in any economic sense. However, the inputs of labor, cap- 
ital, management, other production materials, etc., might be greatly 
different in the two cases. The gross output of a highly integrated 
industry is not directly comparable with that of an industry which 
typically buys most of its production materials in a highly fabri- 
cated state. The beef cattle feeder who buys both feeder steers and 
feed, for instance, has a very high volume of business; yet his net 
income, and his contribution to the national product, may be no 
greater than that of a dairy farmer who produces all his feed, and 
has a gross volume of business only one tenth as great. Gross vol- 
ume data are useful, if at all, only for comparisons with other bus- 
iness of a closely similar structure. 
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VALUE ADDED BY OUTDOOR RECREATION EXPENDITURES 


An obvious refinement of the gross expenditure approach is 
to employ the device used to measure the economic output of 
many industries—the value added by the particular industry or 
plant. This approach recognizes that part of what a business re- 
ceives for its product must be spent for raw materials and finished 
or semi-finished production materials. The costs of these are de- 
ducted from gross output; the difference is the value added by the 
plant or industry, by use of labor, capital, managerial ability, etc. 
A summation of value added by industries or regions will give a 
reasonable total for a nation, whereas a summation of gross bus- 
iness involves a major degree of double counting. 

For outdoor recreation, this approach would deduct what had 
to be spent by the supplier of the vacationist services in order to 
get the materials to make such a service possible. For instance, 
the service stations in a local area do contribute some value added 
to the recreationist’s expenditures, even though much of what he 
spends for gas must be sent outside the locality to buy gasoline. 
Similarly, the local grocery store earns part of what the vacationer 
spends, by buying at wholesale and providing the usual range of 
retail services. The same process applies to all other aspects of the 
recreation expenditures. 

Use of the value-added approach would at least localize the 
impact of the gross expenditures made by those seeking outdoor 
recreation. One could then say that so and so much was spent by 
vacationers and used to support business and payrolls within the 
town, county, state, or region in question. The value added by the 
recreation “industry” obtained in this way could reasonably be 
compared with value added by other industries, or from other 
uses of the same land and water resources. On the other hand, 
even value added would not deal directly with the value of the 
recreation opportunity as such, as we shall point out below. 

The value-added approach has been used in one unpublished 
New Mexico study.’ By means of questionnaires, data were ob- 
tained from fishermen as to total expenditures, by classes of goods 
or services bought, and within the states as well as elsewhere, 
while engaged in sport fishing in the state. For each type of ex- 


"A general study of water use in northern New Mexico has been made under the 
direction of Nathaniel Wollman of the University of New Mexico, by means of a 
grant from Resources for the Future, Inc. The study ts not yet published. An appen- 
dix section deals with recreational use of water. 


The Economics of the Environment 309 
—_.4 eee si‘ aa 


9 


penditure made, estimates were made as to value added within 
the state for that type of good or service. The authors of this re- 
port conclude that their estimates of value added from sport fish- 
ing are comparable to estimates of value added in agriculture, 
mining, or industry; and that these value-added data from differ- 
ent economic actvities can be summed to obtain estimates of gross 
state output. 


Value-added estimates of this kind meet some of the major 
objections levelled at gross expenditure data. They do indicate the 
volume of business within the state or local area; they are more 
directly comparable with similar data from other economic activ- 
ities. However, it still remains true that these amounts are spent, 
not for the provision of the recreation opportunity as such, but for 
the provision of other services connected with the use of the rec- 
reation opportunity. 


DEMAND CURVES FOR OUTDOOR RECREATION 


While the value-added concept is a distinct improvement over 
the gross expenditure concept, at least for most purposes, yet even 
this does not really come to grips with a major problem: what is 
the outdoor recreation opportunity really “worth” in a price or 
market sense? For the other alternative uses of land and water, 
some approximation of a market price is usually calculated and 
used in the evaluation process, even when value added is estimated. 
Can we go this one step further, for outdoor recreation? 

Let us start with a brief and elementary review of the demand 
curve of neoclassical economic theory, as shown in figure 1. The 
data for this are purely imaginary, but along the X-axis I have 
placed numbers of visits to a specific outdoor recreation area. On 
the Y-axis are costs of using this recreation opportunity, or prices 
in the economist’s sense. Let us postpone for the present defining 
what these prices or costs mean. On the basis of this chart, if the 
cost of the recreation visit is as low as $1.00, then as many as 400 
persons will use the area on a typical summer Sunday; as the price 
rises, the number of persons who will use it declines, until at the 
point where the price is $4.00, only 100 persons will use it. This is 
the typical Marshallian demand curve of elementary economic 
theory. 

Let us review for a moment further some of the assumptions 
which underlie this curve. It is essentially a static concept; it as- 
sumes that numbers of people in the tributary area, their incomes, 
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their means of travel, their tastes as to outdoor recreation, all con- 
tinue unchanged. A further assumption is that the marginal value 
of money will remain unchanged, no matter how much of the prod- 
uct or service is bought; that is. that the amounts spent by any 
single purchaser (user, in this case) will be small enough that he 
can disregard how large a portion of his total funds he has spent 
for this product or service. When any of these or other major basic 
factors change, then the position and shape of the demand curve 
in turn may change. In this case. we speak of a shift in the curve. 


In this illustration, it is most unlikely that the same person 
would come into the area twice in a single day, especially since 
entrance fees are typically on a daily basis. But if we were to put 
the estimates of volume on a seasonal basis, then increased usage 
of the area could come from a more frequent use by a relatively 
small number of persons, or by spreading use among a larger circle 
of people. or by some of both. More volume, in the typical demand 
curve, thus may mean more intensive use of the commodity by the 
same people or a widened circle of users. 


Economists speak of the elasticity of a demand curve—of the 
changes in volume purchased relative to the changes in price 
charged. If the decline in volume is exactly proportional to the in- 
crease in price, as in our hypothetical example, then the elasticity 
is —1.0, and the total sum spent remains constant. In this case, 
total expenditures are $400 a day, regardless of the price. If the 
demand were more inelastic, then use would not fall off so 
much as price was raised, and a relatively high price would bring 
in more revenue than a low one. On the other hand, if demand 
were more elastic, then comparatively small increases in price 
would lead to major shifts in use; raising price would lower total 
revenue, lowering it would increase total revenue. 

Implicit in this kind of demand curve is the assumption that 
access to the good or service is unimpeded, and that it is only 
price which limits the volume of goods sold or the number of cus- 
tomers served. On this basis, the last buyer or user would regard 
the service as worth ‘o him only just the amount he had to pay for 
it. If the price were raised just the least bit, this last purchaser or 
user would conclude that the good or service wasn’t worth the 
price, and would refrain from buying. Conversely, were the price 
to be lowered the least bit, another buyer or customer would con- 
clude that the good or service was at last just worth his while, and 
he would buy. To this last buyer, the price he must pay just meas- 
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Figure 1. Hypothetical demand curve for an imaginary outdoor rec- 
reation area. 


ures the satisfactions to him from the good or service; the last drop 
of utility or satisfaction is needed to make it worth while. 

In this economist’s use of “demand,” it is impossible to con- 
ceive of demand by price alone; volume is always a necessary di- 
mension of demand. In our example, the demand for outdoor rec- 
reation is not $1.00, nor $2.00, nor $3.00, nor $4.00, nor some in- 
termediate point; it is measured at each of these points, in terms 
of the number of persons who are willing to pay these prices. De- 
mand, in this sense, is a schedule of volumes or amounts and of 
prices; it may be possible to express it in mathematical form, either 
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simply or by a complex formula. The assumptions underlying the 
schedule, curve, or formula must be spelled out carefully and ex- 
plicitly, and the effect of changes in any of these factors upon the 
nature of the schedule, curve, or formula specified if at all possible. 

In practice, people use outdoor recreation opportunities to 
the extent to which they believe their satisfactions are exactly 
equal to the total costs involved. There is, of course, a consid- 
erable measure of ignorance and uncertainty about the process. 
Some people would use certain areas if they knew of their exist- 
ence or characteristics; and some make uses which turn out to be 
more costly that they would knowingly have undertaken for the 
satisfactions actually received. In practice, only a very small part 
of the total cost of using outdoor recreation areas is found in the 
entrance fees charged. In deciding how often, if at all, to go to 
particular areas, people certainly take into account the free or low 
entrance fees. 

The people who use any particular area for outdoor recrea- 
tion will incur various costs in doing so—perhaps small ones, per- 
haps large ones. These costs will be made up on many items, some 
cash, some on time, others of a more subjective kind. If they con- 
tinue to use an area, then it is a reasonable assumption that their 
satisfactions are as great as their costs, and possibly greater in 
some instances. But, for the marginal user or for the marginal visit 
by the habitual user, the total costs just equal his estimate of total 
satisfactions. Were it otherwise, he would have increased his visits 
or decreased them. To this marginal user or marginal visit, there 
was no margin above costs. Had entrance fees been raised toa 
substantial figure, this would have raised the total cost of the rec- 
reation experience, and surely would have affected the amount of 
use made of the area: 

The early economists considered certain commodities as “free 
goods”; they generally put air, sunshine, and water in this class. 
They recognized that such goods had very great utility for man, 
yet they were free of cost, for all to enjoy. Later economists pointed 
out that it was the marginal utility or marginal value of these prod- 
ucts which set their price. While some quantity of air is vital for 
life, beyond a certain point additional quantities of air have no 
value at all-—man has all he can use, and more is valueless. People, 
acting through their governments, can artificially place a zero val- 
ue on a commodity, and thus make it a free good. Unlimited sup- 
plies of pure wholesome water piped into homes without charge 
becomes a free good to the user. He is perfectly free to use it in 
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such quantity that the marginal value is zero. The same can be 
true of outdoor recreation. If provided in as great a quantity as 
wanted, free of charge, the recreation opportunity at the point of 
supply becomes valueless in monetary terms. People can use it until 
the marginal value falls to zero. In fact, this is what seems to have 
been done. There is nothing left, at the margin, as value for the 
recreation opportunity as such. 

Where the public, acting through various levels of govern- 
ment, has established the price of recreation at zero, or relatively 
close to it, then use of the area has increased to the point where 
some users find the satisfactions, in relation to the other costs 
of using the area, worth zero or close to it. The calculus of the av- 
erage user is not as precise as has been suggested; yet, in the long 
run and for the average of many users and potential users, the 
price of entrance to the recreation area certainly has entered into 
calculations of cost, and comparisons of cost with probable satis- 
factions. 

How mighi one go about trying to estimate a genuine demand 
curve or schedule for outdoor recreation? It has been suggested 
that prices charged for private recreation of comparable character 
might provide a guide.* However, if the facilities on private land 
and those on public land were exactly comparable in every respect, 
including location with respect to users, then no more could be 
charged by the private owne7z than the user would have to pay on 
the public land. As far as the user is concerned, the price on the 
public areas is a supply price or cost to him, however much it may 
have been subsidized. Prices (entrance fees) are paid for private 
recreation areas, while public areas are available free, precisely 
because they are not fully comparable. The private facilities may 
not be as crowded, or may be better located, or the improvements 
may be better; physica! similarity of the basic resources is not 
enough for economic comparability. 

Estimation of the demand curve for a recreation area must, 
we believe, proceed in two stages: one curve for the fotal recrea- 
tion experience, a second one for the recreation opportunity per se. 
The first can be estimated from the actual experiences of consid- 
erable numbers of people engaged in outdoor recreation; the sec- 
ond can be derived from the first. 

In general, most outdoor recreation is engaged in by family 


“If | understand it accurately, this is the approach currently used by the National 
Park Service in estimating the recreation benefits from water development projects. 
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groups. This means, first of all, that the family as a whole must 
consider and decide which, if any, outdoor recreation areas to Visit. 
This involves comparisons between individuals as to their inter- 
ests and desires—interpersonal comparisons. Their gains from out- 
door recreation take the form of anticipations before the exper- 
ience actually begins, the realization of the experience, and re- 
collections afterward. They need not be equal for each member of 
the family, nor equal at the time and later. In retrospect, a trip 
may seem enjoyable which did not seem so at the time, for in- 
stance. The experiences might be grouped as those in prepara- 
tion, in travel to the site, at the site, and in return. 

In theory, each family in the United States has the alternative 
of using every public outdoor recreation area in the entire nation. 
In practice, of course, its alternatives are much narrower. Many 
families will know of only a few alternative spots, and perhaps im- 
perfectly of these. Their interests will be conditioned to a major 
degree by their past experiences. If they have never been camping, 
for instance, they may be unenthusiastic about doing so for the 
first time. In addition to their knowledge and their interests, other 
limiting factors will be the cost of a particular opportunity in re- 
lation to what they can afford to spend, and the time they have 
available. To some extent, time and money are substitutes. With 
more money, they can afford quicker means of travel and thus 
reach more distant places, or they may be able to secure a longer 
vacation. If time is ample, cheaper means of travel may be pos- 
sible. Travel of some form and distance is ordinarily necessary, 
and sometimes extensive travel is involved. Should this be re- 
garded as a cost or as a benefit of the recreation experience? Some 
families may regard it one way, others differently. 

The gains from the recreation experience are wholly subjec- 
tive—attitudes of the various members of the family. If they re- 
gard the experience as a whole, or any parts of it, as pleasurable, 
then they have had a large gain, or “output.” On the other hand, 
another family might regard their experiences as unenjoyable or 
as only moderately so; then the output of the recreation exper- 
ience has been less, even though in physical terms it was identical 
with that of the first family. The costs of outdoor recreation ex- 
periences are partly subjective, partly material. Some cash will 
have to be spent for travel, food, lodging if more than one day is 
involved, and for other purposes. The use of equipment such as 
the automobile is usually included also. But there will be some 
work before, during, and perhaps after the actual recreation ex- 
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perience. The time and energy spent in travel will be a cost, which 
may or may not-be offset by pleasures from the actual travel 
experience. 

The whole outdoor recreation experience is, to a large extent, 
a package deal; it must be viewed as a whole, in terms of costs, 
satisfactions, and time, for all members of the family as a group. 
It was a consideration of these facts that led to my earlier assertion 
that demand curves must be derived first for the whole experience. 

The demand curve for the whole experience of outdoor rec- 
reation, like the demand curves for other services and commodities, 
is applicable to considerable numbers of people, rather than to 
individuals. That is, any single individual may have a demand 
curve that is extreme in some form or other, but a large number 
of people will have a predictable and measurable reaction to an 
outdoor recreation opportunity. If we can measure the demand 
curve for a large group of people, then it is probable that another 
large group, chosen more or less at random but with similar char- 
acteristics to the first group, will respond in similar fashion to 
costs and other characteristics of the recreation experience. This 
assumption as to predictability or stability of reaction to similar 
factors of cost and value is basic to all demand curve analysis, and 
in fact to all studies of human action. It is an assumption of ra- 
tionality, not of irrationality of response. 

In the discussion which follows certain national parks are 
used as illustrations because certain data could be found for these 
parks. The method would work equally well for any outdoor area 
for which data were available. I shall try to show later that the 
requisite data could be obtained for any area. 

If one is to estimate-a demand schedule, some measure of 
volume is needed. This may be sought in terms of the proportions 
of a total population which actually took advantage of a known 
recreation opportunity. Thus, if there were 100,000 people in a 
city, what proportion of them went to the local city park, what 
proportion went to the nearest state park, what proportion went to 
a particular national park? Or, looking at it from the point of the 
recreation area, what proportion of each 100,000 population in 
each potential tributary zone visited this particular area? How did 
the proportion visiting the area vary, depending upon their loca- 
tion and the time and cost of getting to the area? One can esti- 
mate a number of participants per 100,000 base population; this 
is roughly analogous to per capita consumption data for food or 
other products. 
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These ideas can be illustrated by the actual available data for 
Yosemite. In 1953 there were roughly 35,000 visits to Yosemite by 
people who lived in nearby Merced County (table !). Since the 
1950 Census shows about 70,000 people in the county, there were 
about 50,000 visits per 100,000 population in that county, that 
year. This is a measure of volume of this kind of recreation taken 
by these people. From a group of four counties lying slightly more 
distant from the park, there were somewhat more than 110,000 
visits; however, the population of these counties is much larger, 
about 640,000, so that per 100,000 of the population there were 
slightly less than 18,000 visits. Similarly, the numbers of visits and 
numbers of base population can be calculated for groups of Cali- 
fornia counties and for groups of states, in each case within rather 
well-defined distance zones from the park. For each distance zone, 
based upon certain data contained in the report, and some rather 
heroic assumptions as to other costs, a total monetary cost figure 
per visit can be estimated. For the nearby people of Merced County, 
this averages about $16 per visit; for the distant people of the At- 
lantic seaboard, it runs to nearly $300 per visit. In addition to this 
monetary cost, there was a time cost which ran from about one 
and one-half to over fifteen days per visit. Perhaps the travel was 
a cost, at least to some people; perhaps to others it was a source 
of satisfaction. 


The data in table | are the basic data for a demand curve or 
schedule—a volume or quantity consumed or bought, and a cost 
incurred or a price paid. Accordingly, we can plot them and con- 
struct an approximation to a demand curve. Because of the very 
great variation in quantity and a somewhat less but still large vari- 
ation in price, these data are more clearly presented on double log 
than on simple arithmetic graph paper (figure 2). The dots for the 
various distance zones fall into rather regular patterns, for the 
California counties and for the other states, separately. The cor- 
respondence is not perfect, but high. If the curves are valid, then 
values for intermediate points can be read off. Since our concern 
is with monetary values, we plot the monetary costs. Under the 
methods of estimating necessary because of data limitations, money, 
time, and distance are highly correlated. If more precise data were 
available, each might be considered separately. 


It is clear from the chart that each curve has an elasticity 
greater than unity for at least part of its length. For the more dis- 
tant states, the elasticity is close to unity; for the nearer states, 
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much more elastic. It is above unit elasticity for all California 
counties, and becomes greater for the nearer ones where the costs 
are lower. 

One major assumption entered the calculations of the average 
cost per visit—that the trip to Yosemite was the chief purpose of 
the trip, that it should therefore bear the costs of travel from home 
to the park as well as within the park, and that other sightseeing 
or recreation on the trip need bear only its direct or marginal cost. 
More than half of the visitors interviewed stated that the principal 
reason for their trip was to visit Yosemite, so this assumption is 
not too far from the fact. Although exact data are missing, pre- 
sumably the more distant visitors would most frequently include 
other purposes on their trips, so that if some form of trip cost ai- 
location to different objectives were made, presumably it would be 
the more distant and costly visits which would be reduced most in 
price. If so, this might well change the nature of the curve some- 
what, to make it more elastic at the low volume—high price end. 


In this table and figure, it should be recognized that the nature 
and the content of the whole recreation experience of which the 
visit to Yosemite was the crowning goal, differ according to dis- 
tance from the park. Nearby visitors are able to come in a day or 
two, are likely to come often, and perhaps derive some of their en- 
joyment from their familiarity with the scene. Distant visitors re- 
quire several days to come, usually come only infrequently, and 
for many it is the first experience with much of their enjoyment 
deriving from its novelty. But in this respect the demand curve for 
the whole recreation experiénce to Yosemite is not unique. The 
housewife who buys four dozen eggs a week for her family surely 
uses them in different ways than the housewife who buys half a 
dozen. One of the common characteristics of a demand curve is 
that the uses of the commodity change with the volume bought. 


It is the contention here that the curve in figure 2 is an ap- 
proximation to the demand curve of theory for the recreation ex- 
perience as a whole. Although it is referred to as a visit to Yose- 
mite, actually the whole trip from home to the park and back 
again is included, for time, travel, cost, pleasure. It is a package 
deal. Yosemite may have been the chief objective, but it is only 
part of the total experience; it has been only a kind of shorthand 
that has led me to describe the whole in terms of its chief feature. 

The approximation aspect of the above statement is empha- 
sized for several reasons. In the first place, the data at my disposal 
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Figure 2. Estimated costs per visit to Yosemite, in relation to num- 
ber of visits per 100,000 population, 1953. 


were faulty for this purpose. It was necessary to make some rather 
major assumptions about costs of visits from different distance 
zones; while average costs are about the same as the average costs 
in the reference source, yet the true relation of distance to cost 
may be considerably different from what has been estimated. In 
the second place, it was necessary to make a cost allocation among 
possible, but largely unknown, other purposes of the trips, which 
may be at variance with the facts. It was assumed that the visit to 
Yosemite had to bear all the costs of the trip, allocating to other 
activities on the trip only those costs additional to the main trip. 

The visitors to Yosemite may have made a much different 
allocation of costs in their own (perhaps subconscious) calcula- 
tions. In the third place, the population in the various distance 
zones may differ considerably in terms of average income or of 
income distribution, as well as perhaps in other socio-economic 
characteristics. We made no attempt to include this in our calcu- 
lations. Lastly, the money cost of visiting Yosemite may have not 
been the only cost involved. If the average visitor regards as on- 
erous the travel experience as such, then distance as such should 
be entered into the formula. Our estimates of cost were built so 
directly on distance that there was no sense in trying to isolate the 


3 


I 


9 


Sa[IW JIOUI JO QOO'Z 
Sat 000'T 9} 00ST 
SoTIW OOS 1 000'T 


nt 


ra 


tronme. 
toa) 
co 


3 os SO[TU QOO'T ©} 00S 

Sy [EE SoTIW OOS 9) ODE 
3 el Saft OOE 1 OOT 
— sof OO 03 dq 


NOMICS O} 


uonelndod 


000‘001 
Jod syIsta 


uonejndod 


000‘001 
Jod syIsta 


uoneindod 


000‘001 


Jod syIstA Quoz 90Ur}SIG 


The Eco 
| 


yeopuvusys 


uokueD purin 


BE} @) 179) 


LISIA Yd SLSOD ADVUIAY ANV 
‘NOILVINdOd ASV 4O 000‘001 YAd SHUVd TIVNOILVN GALsIOadS OL SLISIA—'Z FIAVL 


20 


320 


The Economics of the Environment 32] 
eee eC 


21 


influence of distance from our data, but more refined data might 
permit such measurement. The time required to visit Yosemite 
might well be a major cost to many potential visitors, and this 
was not included directly. For many people, time equals money, 
and vice versa. A paid vacation is one resource, but the opportun- 
ity to take additional time without income may also exist. If time 
is limited, money may permit flying or other time-saving methods. 
These limitations are those of the data available, not of the method 
of the analysis. They could be cured by obtaining more precise 
and relevant data, as will be discussed later. In that case, more 
refined results would be possible. 


The apparent correspondence between cost per visit and num- 
ber of visits per 100,000 base population may thus include some 
variables indirectly, and to this extent not represent a pure de- 
mand curve showing the net relation between price and volume. 
However, an approximation such as this may have great empirical 
usefulness. This is not to argue against making every effort to se- 
cure better data, but mereiy to say that imperfect data may yield 
usable results. 


Generally similar data can be calculated and thus similar 
total experience demand curves or schedules derived for three other 
major national parks (table 2 and figure 3). In each case, the dots 
fall into a rather regular pattern. For Grand Canyon national park, 
the curve approaches unit elasticity at the end toward lowest costs 
and largest volumes; there is not the increase in elasticity here that 
was found for California. The lack of a considerable local residen- 
tial population may be one explanation. On the other hand, the 
curve for this park gets much more elastic at the end toward fewer 
visits and higher costs. The curve for Glacier national park is highly 
elastic throughout. That for Shenandoah is roughly unit elasticity 
for the half with lower volumes and higher prices, but gets much 
more elastic for the higher volumes and lower prices. 


Too much significance should not be attached to the precise 
form, shape, and location of these curves. While data were avail- 
able on numbers of people by states of origin (by counties within 
California, for Yosemite), this is a crude measure of the location 
of their residences. Distances travelled had to be estimated from 
such general location data; actual road distances may have been 
different. Average cost for all persons visiting the park was given 
in the reports, but was usually confined to estimates of costs in- 
curred in or near the park; in no case was it differentiated accord- 
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Figure 3. Estimated costs per visit in relation to number of visits per 
100,000 of population, Grand Canyon, Glacier, and Shen- 
andoak national parks. 


ing to the costs incurrred by the more distant and the nearby vis- 
itors. I have estimated the costs per visit from data on average 
costs per day and on distances travelled. Days involved in travel 
had also to be estimated. To a lesser extent the numbers of visitors 
per unit of resident population had to be estimated. Others more 
familiar with the original studies might have done a more accurate 
job on all these estimates; perhaps the original data could be tab- 
ulated in ways that would answer some of these questions; cer- 
tainly, studies could have been devised which would have yielded 
data more directly applicable to the problem. In spite of these lim- 
itations, it is possible that the curves do in fact give a reasonable 
idea as to the nature of the demand curve for these parks for the 
year in question—one in the early 1950’s in each case. 

One major discrepancy is apparent in figure 2; the experience 
for California does not seem to join up with the experience for 
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other states. There is no logical reason why state boundaries should 
make any difference. Sufficient detail to calculate a zone of origin 
between the most distant counties shown in table | and the near- 
est adjacent states was not given in the source report. Had there 
been a distance zone volume and price for this intermediate area, 
its dot would have determined the shape of the curve between the 
two discontinuous curves now shown. There is no logical reason 
for two separate curves, but there is insufficient data now to bridge 
the gap with confidence. 

The demand curves for these four national parks probably 
are not at all representative of the demand curves for other types 
of outdoor recreation areas. These are four of the largest, best 
known, most popular national parks; some of their use is by per- 
sons at relatively great distances. Certainly, relatively common- 
place state parks have a very different clientele. And the poten- 
tial users for the average city park come from an even more 
closely circumscribed area. However, it is our contention that total 
recreation experience demand curves such as these could be de- 
rived for any outdoor recreation area, given data on numbers of 
visitors from distance or use zones, statistics on total population 
within the same zones, and average costs of using the recreation 
area by people coming in from each zone. The location and shape 
of the curves might be different than for these outstanding national 
parks, but the method of estimation may be equally applicable. 

It will be noted that no direct mention has been made thus 
far of the entrance fees to these parks. In each study, part of the 
visitor costs were classed as “other,” or in addition to food, lodging, 
transportation. Presumably entrance fees were included here. 
While precise information is lacking from these studies, it is known 
from other sources that entrance fees at the time averaged less 
than $1.00 per person, at least for short visits. 


The foregoing approximations to demand curves for the total 
recreational experience still do not directly answer the question, 
what is the value of the recreation opportunity per se? The costs 
incurred for the total recreation experience are for items other than 
rent on the recreation site, except as the latter finds small expres- 
sion in the entrance fees. The costs are for food, lodging, travel, 
and miscellaneous items. I have suggested that the use of these 
various areas has expanded to the point where the value of the 
recreation site, at the margin, is zero, or as near to it as the en- 
trance fees are to zero. This is one point on the demand curve for 
the site itself. How may the demand curve for the recreation site 
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per se be derived from the demand curve for the total recreation 
experience? 

To estimate this we must make two assumptions. First, we 
assume that users of the parks would view an increase in entrance 
fees rationally—that is, that they would regard it as no more ser- 
ious than any other equally large increase in total cost of visiting 
the park. At the same time it is recognized that since most parks, 
including the national parks, are publicly owned, many users 
might attempt to influence the level of entrance fees by political or 
other methods that they would not try to employ against an in- 
crease in the price of gasoline, or of meals, or of lodging. Second, 
we assume that the experience of users from one location zone 
provides a measure of what people in other location zones would 
do if costs in money and time were the same. That is, in the Yos- 
emite case, we assume that the people in Los Angeles county 
would use Yosemite to the extent the people in Merced county 


TABLE 3.—ESTIMATED EFFECT OF RAISING 


Entrance fees raised 
by $3 per person 


Estimated —— 
Actual cost per Added 
visits, visit, pres. Estimated fee 
1953 entrance fees visits * revenue ” 
Area of origin (1,000) $ (1,000) ($1,000) 
California Zone 1 35 16.65 14 42 
2 114 20.40 ik 231 
3 143 27.05 119 357 
4 119 29.05 111 333 
5 245 42.25 2345 702 
Subtotal 656 555 1,665 
Other states 
Zone | 26 66.50 22 66 
2 19 85.00 23 69 
3 35 132.50 31 93 
4 66 180 59 177 
5 40 227.50 42 126 
6 51 284.50 48° 144 
Subtotal 237 225 670 
Total ‘ 893 780 2,335 


' These were calculated from figure 2 and table 1. The estimated number of visits for a speci- 
fied entrance fee was estimated from the appropriate curves in figure 2, and this number multi- 
plied by the number of people in the distance zone as shown in table 1. 

* This ignores the small decrease in revenue due to fewer visitors at the original entrance fee. 


The Economics of the Environment 


25 


actually now use it, were money and time costs the same. Demand 
curve analysis almost always requires a transfer of experience from 
one group of people to another, or from one time to another, and 
in this respect our demand curve is no different than one for eggs 
or oranges. In a country with as large a degree of common culture 
and as much mobility of individuals as the United States, an as- 
sumption of similar response to time and money costs is highly 
reasonable. If the cost of visiting Yosemite were to fall to $20.00 
for residents of New York City, it would take them a little time to 
make the same response as people in nearby California counties 
now do, but one might hazard the guess their adjustment would be 
fairly prompt. 

On the basis of these two assumptions, the effect of an increase 
in fees can be estimated for Yosemite from the data in figure 2 and 
table | (table 3). At the existing level of fees, the people in Cali- 
fornia zone | could visit the park for an average cost per visit of 


ENTRANCE FEES TO YOSEMITE NATIONAL PARK, 1953 
Entrance fea raised Entrance fee raised Entrance fee raised 
by $5 per person by $10 per person by $20 per person 
Added Added Added 
Estimated fee Estimated fee Estimated fee 
visits | revenue ~ visits | revenue ~ visits ' revenue * 

(1,000) ($1,000) (1,000) ($1,000) (1,000) ($1,000) 
11 55 7 70 4 80 
64 320 47 470 33 660 
108 $40 90 900 68" 1,360 
102 $10 86 860 67" 1,340 
224 * 1,120 208 * 2,080 161 * 3,220 
509 2,545 438 4,380 333 6,660 
20 100 17 170 13 260 
22 110 20 200 17 340 
30 150 30 300 27 540 
59 295 59 590 57 1,140 
41 205 41 410 39 780 
48" 240 48 * 480 46" 920 
220 1,100 215 2,150 199 3,980 
729 3,645 653 6,530 532 10,640 


“Since these estimates involve extrapolation beyond the extent of the curves, they per- 


haps have a larger margin of error than the other estimates. 
‘Total of these areas only. In addition, there were some visits from other California coun- 


ties and from outside of the continental United States. 
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$16.65; if the fees were $3.00 per visit higher, then the average cost 
would rise to $19.65, the number of visitors per 100,000 of base 
population would fall from 50,000 to 20,000 (not shown in table 
3), and the total number of visitors from this zone would fall to 
about 14,000. The new estimated number of visitors at this cost 
per visit was estimated from figure 2. If the entrance fee were 
raised by $5.00 per visit, total cost per visit would be $21.65; the 
number of visits per 100,000 base population would fall to about 
15,700, and total visits would be 11,000. A comparable lot of esti- 
mates could be made for each other distance zone, and for each 
other increase in fees. 


The new number of visits per 100,000 population, after fees 
are raised, in each case must be multiplied by the base population 
of each distance zone to get a new number of visits. An increase 
of $3.00 in the entrance fee per person would reduce total visits to 
Yosemite about 13 per cent; one of $5.00, nearly 19 per cent; one 
of $10.00, 27 per cent; and one of $20.00 about 40 per cent. The 
reduction is greatest, relatively and in absolute terms, from Cali- 
fornia; and within California, most from the nearer areas. This is 
because the various increases in fees are relatively greater, com- 
pared to other costs of visiting the park, the nearer one lives to 
the park. 

Revenue from entrance fees continues to mount as the fee is 
increased. This is because the increase in fee is, generally speaking, 
such a small percentage of the total cost of visiting the park. 


From the data on estimated numbers of visits at each level of 
increased fees, it is possible to construct a new demand curve 
(figure 4). This measures the relation between number of visits and 
entrance fees. It is my contention that this approximates the true 
demand curve for the recreation opportunity itself. It shows the 
relationship between price per unit and number of units, all other 
factors remaining unchanged. It is, of course, subject to all the in- 
adequacies of the data on which it is based, which have been dis- 
cussed. Yet, it is possible that this curve is closer to the true one 
than the previous curves are to their true demand curve; if the 
relationship among the various cost and use factors is at all as has 
been estimated, then the demand curve for the recreation site per 
se may be fairly accurate. 

Similar: estimates can be made for the other three national 
parks considered (table 4). The curves for the four parks are mark- 
edly similar; each is highly inelastic. The entrance fees are such a 
small part of the total cost that relatively large increases in them 
are still only small increases in the total cost of the total recrea- 
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Figure 4. Estimated effect of entrance fees on visits to selected na- 
tional parks. 


tion experience. This is, I repeat, on the assumption that users view 
these fee increases rationally. 

In this example it has been assumed that the entrance fee per 
visit is raised by the assumed amount. It would be possible to 
have much more complex systems of entrance fees. For instance, 
a season admission at a price not much above a single admission 
would greatly lower the cost per visit for nearby residents who 
might visit a park several times a year, while having little or no 
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TABLE 4.—EsTIMATED VISITS FOR SPECIFIED INCREASES IN 
ENTRANCE FEES, THREE NATIONAL PARKS 
(1,000 visits) 


Grand Canyon Glacier 


759 344 


Increase in 


Shenandoah 
entrance fee 


Actual visits, 
present fee 


effect upon distant visitors who would come only once during the 
season in any case. Many alternative fee systems are possible. 

Moreover, while the effect of a new schedule of fees can be 
estimated by the techniques outlined herein, in practice it would 
be possible to experiment with different fee systems and ascertain 
the exact effect of different fees upon amount of attendance and 
thus upon total revenues. It would not be necessary to make en- 
tirely accurate, advance guesses. The effect of different fee sched- 
ules might vary, or at least their public acceptance might vary, de- 
pending in part upon how it was proposed to use the additional 
revenues. If viewed as a general revenue measure, there might be 
much opposition; but if the additional revenues could be used to 
build better facilities and to provide more services in the park, 
many people might pay them more willingly. 

In these examples, it has been assumed that the entrance fee 
is raised only in the park in question. One consequence of higher 
entrance fees for one park would be to shift some of its use to 
other nearby park or recreational areas. If the entrance fee to 
Yosemite national park were raised, some of those who would no 
longer use it would turn to other national parks, to national forests, 
to state parks, or other areas not too distant. If the entrance fees for 
all outdoor areas were raised at the same time, and to more or less 
the same degree, this substitution of one area for another would 
not occur, or would be less. There would some tendency to substi- 
tute other forms of recreation for such recreation. 

It is impossible to estimate the point at which the fees for 
these four national parks would produce the maximum total rev- 
enue. This is because we do not know what will happen when 
costs are raised much above our past experience with them; in 
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tables 3 and 4, it has been necessary to extrapolate the data to 
some extent, and this would grow more serious if estimates were 
made for much higher fees. It does seem clear, however, that if the 
objective were maximum revenues to the owner of the park then 
fees should be well above the $20.00 per visit level. 


It should also be pointed out that as fees were raised and 
visits to the park decreased, gross expenditures by visitors, and pre- 
sumably also the value added locally, would decline about in pro- 
portion to the decrease in numbers of visits. Those who sell goods 
and supply services to park visitors obviously want to see the 
maximum volume of business, and this means entrance fees as 
near zero as possible. However, if it is desired to make the park 
self-supporting, in the sense that entrance fees pay for costs of 
administration, then fees at a higher level are necessary. If the ob- 
jective were to yield a monopolist’s profit on the park—which 
presumably it never would be for a publicly owned area—then 
fees at a much higher but unknown level would be required. 


Caution about the possible inaccuracies in the curves of fig- 
ures 2, 3, and 4 should be re-emphasized at this point; but even 
if these curves are fully accurate, the results for these areas do 
not necessarily apply to other areas. In fact, one would expect 
that other areas, with other tributary populations, other appeals to 
the general public, other costs of reaching them, might have a very 
different relationship between level of fees and expected revenue. 


It is well to remind ourselves again of such demand curves, 
assuming that the very best ones have been estimated. They apply 
to a single point, or year, in time. In a few years, the basic factors 
underlying them might change considerably. The numbers of 
people might rise, perhaps unevenly in the various distance zones; 
average per capita real incomes might also rise; better roads might 
reduce travel time and otherwise lower costs; and more leisure 
would permit a higher volume of visits. It is more than possible 
that tastes or desires of the population for a particular recreation 
experience will change also. If by some miracle the cost of getting 
to Yosemite of any other national park fifty years ago could have 
been reduced, in real terms, to its present-day level, the expansion 
in use to present levels would not have occurred so rapidly. It 
takes time for people to learn about specific recreation opportun- 
ities, as well as about recreation in general. 

However, it might well be possible to make studies of the 
same area at intervals of a few years, and ascertain the extent of 
the shift in the demand curve. By studying areas of generally sim- 
ilar characteristics, economic as well as physical, but in different 
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stages of development, it might be possible to form some idea of 
the extent of the shift in demand as more people live in tributary 
area, as their incomes rise, as transportation improves, or as other 
factors change. 

Moreover, it should not be asumed that these curves are so 
fixed as to be beyond influence. Through more investments in 
facilities the whole recreation experience might be improved, and 
thus more people come to the area, or those who come might be 
willing to pay higher entrance fees, or some of both. Better roads 
and other travel facilities would have the same general effect. The 
total recreational experience might be upgraded by various meas- 
ures outside of the chief recreation area, and thus make the whole 
experience more enjoyable and its participants willing to pay more 
for it. In some instances, advertising might bring the virtues of an 
area to the attention of more people, and thus lead to heavier uses 
or make higher fees possible. 


CONSUMER’S SURPLUS IN OUTDOOR RECREATION 


The fourth general idea to explore is that of consumer’s sur- 
plus in outdoor recreation. Since some people would be willing to 
pay more for outdoor recreation than they in fact are forced to 
pay, they enjoy some measure of surplus. 

The general nature of consumer’s surplus is evident from 
figure 1. At any given price, the marginal unit purchased provides 
its purchaser with just enough satisfactions or benefits to make 
him consider it worthwhile. But some purchases yield satisfactions 
greater than their costs. In the figure, if the price is $1.00, the 400th 
unit returns just enough to make it worthwhile; but each previous 
unit has some surplus, the amount increasing to the earlier units. 
If the price is $2.00, then the 200th unit is just marginal, and 
earlier units have a surplus, but a smaller one than before. It is 
obvious, I hope, that consumer’s surplus has meaning only in re- 
lation to a volume of purchases and only in relation to a demand 
curve. 

Under a scheme of discriminatory pricing, a monopolist might 
somehow manage to separate his potential customers or market 
into groups or segments, and to exploit each to the limit of its will- 
ingness to pay. In the figure, it might be possible to sell 100 units 
at $4.00 each to some selected customers; another 100 units at 
$2.00 each to another 100 selected customers; a third 100 units at 
$1.33 to a third selected lot of customers; and the last 100 units 
for $1.00 each. Under these nearly ideal (from the monopolist’s 
viewpoint) conditions, he would receive $600 in total mere than if 
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he sold the whole lot at the marginal price of $1.00 each—a truly 
handsome profit! To the extent that anything like this is possible, 
the monopolist would reap for himself the consumer surplus. In 
practice, pricing of this sort would probably but not always be il- 
legal; perhaps more important, it would be extremely difficult if 
not impossible to separate the total market so neatly in segments 
from each other of which a different price could be extracted. 

In the case of the Yosemite park relationships shown in figure 
2, it appears that some people have a consumer’s surplus. For in- 
stance, from Merced County there were about 50,000 visits per 
100,000 of total population. We do not know how many different 
individuals this represents, but for the present purpose it does not 
matter—a visit other than marginal can yield a surplus whether it 
is to a different person or merely another visit for the same per- 
sons. This number of visits was possible only because the cost per 
visit was slightly less than $17.00. For the marginal visit, this was 
the total value. However, for the 40,000th visit, or for one of even 
higher priority, a larger total cost would have been incurred if nec- 
essary. For as few as 5,000 visits per 100,000 of population from 
this county, as much as $41.00 per visit would have been paid, if 
necessary, assuming again that Merced County people react as do 
people elsewhere. Some people could afford such a cost, but it 
would limit their visits greatly. The difference between the approx- 
imately $17.00 it did cost them and the $41.00 they would have 
paid if necessary, represents consumer’s surplus for the smaller 
group of people. Other calculations could be made, for other prices 
or costs, other numbers of visits, etc. In general, consumer’s sur- 
plus is equal to monopolist’s possible gain; to the extent the latter 
is realized, it reduces consumer surplus. In practice, it is hard to 
see how consumer’s surplus can be captured, by either public or 
private provide; of recreation. 

In fact, the usefulness of estimating consumer’s surplus is 
questionable in any situation. Under almost any circumstances 
some users of outdoor recreation will gain more from it than they 
would have been willing to pay if necessary. This may be taken for 
granted; but how can you capture it, would public policy permit 
you to try, and what is to be gained from estimating its amount? 


APPLICATION OF ECONOMIC ANALYSIS TO RECREATION 


Suppose that the proposal were made to develop a multiple- 
purpose water project, and the recreational possibilities thereof 
were to be evaluated; or suppose that a proposal was made to ac- 
quire and develop a new park, and that an economic appraisal 
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was required. Assume further that we had ideal data, or that we 
had sufficient resources and time in which to collect the best pos- 
sible data. What kinds of analyses would we make, and what kinds 
of results might we reasonably hope for? In what ways would our 
analyses aid decision makers? Let me briefly attempt to answer 
these questions. 


First of all, the physical alternatives of the resources should 
be considered and described in some detail. If the reservoir 1s 
built, what kind of swimming, boating, fishing or other recreation 
would it provide? What would be especially attractive about the 
area, for recreation, and what would be least attractive, and how 
important is each? How much fluctuation will there be in water 
level? How much impurities will the water have, and of what kind? 
What about fishing? In what alternative ways might the area be 
developed? What would be the approximate costs of each? A clear 
but imaginative understanding of the area is the basis on which 
all later analysis must rest, and care should be taken by compe- 
tent and experienced recreation specialists to get this understand- 
ing. 

Second, the social and economic setting of the proposed rec- 
reation area should also be considered in detail. How many people, 
by distance or time zones, live in its probable tributary area? What 
are their average incomes, and what else of a socio-economic char- 
acter is distinctive about them? What are the alternative recrea- 
tion possibilities in the same general area, now or prospective, that 
are or might be competitive with the proposed new area? How 
far, and for what groups of potential users, are the alternative 
areas fully substitutes for the proposed new area? How far would 
the latter draw users from established areas, and to what extent 
would it have a distinctive and new clientele? These are the kinds 
of questions that should be examined, largely on a descriptive 
basis. The trends in all these factors, as well as their present levels, 
should be studied. 

Thirdly, the cost of actually using the proposed new area, for 
different types of uses, should be estimated for users from different 
residence zones. Such estimates necessarily will be rough, but they 
should be as good as possible. Money costs are needed, of course, 
but also time and other costs and possible benefits. These estimates 
of cost should be prepared for relevant and distinguishable zones 
of potential users. Ideally, estimates should be prepared for per- 
haps as many as ten zones, estimated ultimately to have more or 
less equal numbers of potential users. 

Fourth, demand curves must be estimated for the most nearly 
similar other areas that can be found. The similarity should be 
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both physical and economic, if possible. Since complete similarity 
is usually impossible, several moderately similar areas may have 
to be studied. 

Demand curves for other similar recreation areas should pro- 
ceed by the two-stage analysis illustrated herein—that is, first for 
the total recreational experience, then for the recreation site per se. 
To get the first, questionnaires should be used to obtain informa- 
tion from users of the similar areas. Such questionnaires should 
get enough information on monetary costs to permit calculation 
or estimation of the cost per family for the recreational experience 
as a whole, and from this an average cost per member of the fam- 
ily included in the recreational experience could be calculated. 
This information might be obtained directly and frontally, by 
simply asking the total spent on the trip, or asking it by major 
items of expense, or it might be approached indirectly by getting 
information as to number of days, kind of accommodations used, 
place of meals, kind of travel facilities, and the like, from which 
details summary estimates could be prepared. The number of per- 
sons per car greatly affects the travel cost per person. These data 
should surely be tabulated for visitors from each of several dis- 
tance zones. In addition to averages, it might be enlightening to 
construct frequency distributions of cost per visitor per day, and 
to explain as far as possible some of the reasons for variations. 


Data should surely be obtained as to the purpose of the vis- 
itors in undertaking the total recreational experience of which the 
visit to the particular study area was a part. Was it the sole rea- 
son, or the primary reason, or one among several approximately 
equally important reasons, or a minor reason, or largely an inci- 
dent to the primary purposes of the trip? Surely questions could 
be devised that would throw considerable light on this matter. 
And the information could be analyzed according to the impor- 
tance the user gave to the particular area. 

Data should also be obtained on the socio-economic charac- 
teristics of the recreationists. The number of persons in the total 
family, their ages and sexes, the number who came on this trip, 
the occupation of the worker or workers, the approximate income 
level of the family, and perhaps other items of information are de- 
sirable. Frequency distributions of all of these data, by distance 
zones from the recreation area, should be constructed. And the 
relation of some of these data, such as income, to some of the 
previously described data, such as expenditure per day per per- 
son, should be explored. 

Lastly, such studies should get as much data as reasonably 
convenient about time—time on this trip, total paid vacation time, 
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how other recreation time was used, etc. And information about 
travel would be desirable—total distance, average distances per 
day, and whether the family regarded the travel as enjoyable, 
merely tolerable, or endured only for the sake of later recreation, 
etc. 

For any recreation demand studies of this general type, a nec- 
essary preliminary step is to define the potential tributary area, 
and to divide it into a number of zones with roughly equal total 
population. These zones should be readily distinguishable and de- 
finable—the kind of names and areas that respondents would 
either think of or recognize. Some compromise between easily de- 
finability and ideal numbers and populations may be necessary. 
Ideally, as many as ten zones, with roughly equal base popula- 
tions, should be established, and all the data collected analyzed for 
each zone, One major disadvantage of some of the studies con- 
sulted in the present study is that state of residence is too crude 
a classification by distance. 

On the basis of data collected, the two types of demand curves 
illustrated could be calculated for each area studied, following 
roughly the procedure outlined herein. The collection of necessary 
data may be time-consuming and expensive, but if the studies are 
properly designed, its analysis according to the present framework 
is relatively simple and inexpensive. 

If data are collected as suggested, the relationship between 
cost per visit and number of visitors per 100,000 of population 
could be calculated. In addition, it would be possible to test for 
the effect of time and distance upon demand for the area. It is en- 
tirely possible that long distances and long travel times have an 
effect in addition to their cost in monetary terms. It would also be 
possible to estimate the effect of income and perhaps of other 
socio-economic characteristics of the visitors, upon demand for 
this particular recreation area. If the various socio-economic data 
were defined in ways similar to those used in the census and other 
massive sources of data, then it would be possible to go from the 
sample to the larger universe from which it was drawn. 


One major question may be faced in the analysis of the data 
collected. For some kinds of areas, there will be little or no ques- 
tion; the visit to it was the chief purpose of the trip, and all costs 
and all gains, monetary and personal, are due to the one area. For 
the more distant and major areas, such as the larger national parks, 
some of the visitors, probably the more distant ones, visited other 
areas or had other purposes than to visit the area under study. It 
will be recalled that this problem was encountered in the study 
reported herein. Two possible methods of dealing with this situ- 
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ation exist. One would be to limit the analysis to those users who 
said their visit to the area was the principal purpose of their trip. 
Presumably, this would yield a clearly defined demand curve for 
them. If such people were half of the total visitors coming from a 
distant residence zone (the other half having supplemental pur- 
poses in mind), then the number of visits per 100,000 of base 
population should be calculated on the basis of half the base popu- 
lation. On the other hand, total demand would have to be calcu- 
lated on the basis of the entire population in each zone. It could 
be argued that others, who took in other attractions, shared the 
costs in a way that made their visit to the area under study com- 
parable to those with equal costs who made it the sole purpose of 
their trip. The other possibility would be to attempt some alloca- 
tion of costs and values among the various areas visited on the 
trip as a whole, and to relate only those costs chargeable against 
the particular area to the numbers of persons who used it and 
other areas jointly. 


Fifth, on the basis of these studies for the various sample 
areas, estimate both types of demand curves for the area being 
planned, and for different methods of developing and managing it. 
This necessarily must involve a large degree of judgment. If the 
other areas studied are closely similar, then the demand curves for 
them can be taken over with only minor modifications. If, as is 
more probable, they differ in one or more respects, then major 
modifications of other relationships are necessary. This problem of 
transferring known experience from one area and set of conditions 
to a new, and as yet untried area, is by no means peculiar to rec- 
reation planning. It certainly enters in agricultural planning. It is 
unavoidable. The only course is to do it as consciously and care- 
fully as possible. 


Lastly, for each major method of developing and managing 
the proposed new recreation area, and for a considerable range in 
entrance fees for each, calculate: the number of estimated visits, 
by zone of origin; the probable total expenditures by all visitors; 
the value added locally and within the state, by their expenditures; 
and the total fee revenue. There might be as many as four or five 
different methods of developing and operating the area, depending 
upon its physical possibilities, and as many as four or five different 
fee schedules for each. The latter would provide estimates of total 
revenues or total monetary values of the recreation per se. If the 
earlier steps have been carried out well, this type of estimating is 
neither particularly difficult nor very costly; it follows from the 
demand schedules and related data. 
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These alternative physical plans and alternative financial plans 
would provide several real alternatives for public action. This par- 
ticularly would be the case when similar plans were available for 
other areas, so that the comparative advantage of developing one 
area could be compared with another. 

From the second type of demand curve it might be possible to 
calculate the level of entrance fees and method of development 
and management of the area that would yield the maximum net 
revenue to the owner of the area. This would certainly provide one 
basis of comparison with other possible uses of water and other 
resources in the same area. It is true that these resources are not 
always used for other purposes in the way to produce the greatest 
possible revenue—power is frequently sold at less than the maxi- 
mum revenue, irrigation water is made available at cost, flood con- 
trol is nearly free, etc. It could be argued that, if entrance fees are 
lower than those that will produce maximum revenue, this differ- 
ence is a cost of socially desired actions. Again, in this respect rec- 
reation would be similar to water, power, flood control, and other 
resource programs—in various of them, prices are established well 
below the maximum revenue point, for social objectives. 


It is assumed that, in practice, entrance fees for a new recre- 
ation area will be established below the maximum rent point. 
Other criteria will be used. One objective might be to establish 
fees such that the revenues therefrom would pay the cost of main- 
tenance and management of the area; this level of fees could be 
estimated by the procedure outlined. It would also be possible, 
whatever the level of fees advocated or adopted, to show who 
gained, and by how much, from fees other than at the maximum 
revenue point. 


The steps outlined above do not result in a neat, single, un- 
equivocal answer as to the “best” plan of development or manage- 
ment of the proposed new recreation opportunity. It is, in fact, 
highly unrealistic to expect any method of analysis to provide final 
answers to all the questions. More, it may be argued that those 
who ask (and reasonably so) for better methods of economic 
analysis of recreation, would be the first to reject a mechanical and 
unequivocal approach. What the above procedure would do is to 
provide reasonably clearcut alternatives of public policy and action, 
with a clear statement of costs and benefits from each. Policies 
and programs for recreation must still be decided on the basis of 
judgment and intangibles, but with tools such as these, imperfect 
as they may be, the decision maker will have a far better picture 


of the real alternatives and their costs than has been possible in 
the past. 
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Comparisons of Methods for Recreation Evaluation 


Jack L. Knetsch and Robert K. Davis* 


| Boe of recreation benefits has made significant headway in 
the past few years. It appears that concern is increasingly focusing on the 
hard core of relevant issues concerning the economic benefits of recrea- 
tion and how we can go about making some useful estimates. 

The underlying reasons for this sharpening of focus are largely prag- 
matic. The rapidly increasing demand for recreation, stemming from 
the often-cited factors of increasing population, leisure, incomes, mo- 
bility, and urbanization, calls for continuing adjustments in resource allo- 
cations. This is the case with respect to our !and and water resources in 
general; but more specifically it bears on such matters as the establish- 
ment of national recreation areas, setting aside or preserving areas for 
parks and open spaces in and near expanding urban areas, and clearly on 
questions of justification, location, and operation of water development 
projects. 

Recreation services have only recently been recognized as products of 
land and water resource use. As such, they offer problems that do not 
occur when resolving the conflicting uses of most goods and services— 
for example, steel and lumber. Conflicting demands for commodities 
such as these are resolved largely in the market places of the private 
economy, where users bid against each other for the limited supplies. 

Outdoor recreation, however, has developed largely as a non-market 
commodity. The reasons for this are quite elaborate, but in essence out- 
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door recreation for the most part is produced and distributed in the 
absence of a market mechanism, partly because we prefer it that way and 
have rejected various market outcomes, and partly because many kinds 
of outdoor recreation experience cannot be packaged and sold by private 
producers to private consumers. This absence of a market necessitates 
imputing values to the production of recreation services. Such economic 
benefits can be taken into account in decisions affecting our use of 
resources. 


MISUNDERSTANDINGS OF RECREATION VALUES 


Discussions of valucs of outdoor recreation have been beset by many 
misunderstandings. One of these stems from a lack of appreciation that the 
use of outdoor recreation facilities differs only in kind, but not in prin- 
ciple, from consumption patterns of other goods and services. Another is 
that the market process takes account of personal and varicd consumer 
satisfactions. 

It is, furthermore, the incremental values that are important in making 
decisions relative to resource allocations. The incremental values of 
recreation developments of various kinds are a manageable concept 
which can be used for comparisons, in spite of the very great aggregate 
value that some may want to attribute to recreation. Nothing is gained— 
and no doubt a great deal has been lost—by what amounts to ascribing 
the importance of a total supply of recreation to an added increment, 
rather than concentrating on the added costs and the added benefits. 

A similar difficulty arises with respect to questions of water supply. 
That man is entirely dependent upon the existence of water is repeatedly 
emphasized. While true, the point does not matter. Decisions necessarily 
focus on increments and therefore on the added costs and the added 
benefits that stem from adding small amounts to the existing total. 

Further, no goods or services are priceless in the sense of an infinite 
price. There is an individual and collective limit to how much we will 
give up to enjoy the services of any outdoor recreation facility or to 
preserve any scenic resource. The most relevant economic measure of 
recreation values, therefore, is willingness on the part of consumers to 
pay for outdoor recreation services. This set of values is comparable 
to economic values established for other commodities, for it is the will- 
ingness to give up on the part of consumers that establishes values 
throughout the economy. 

Failure to understand these value characteristics results in two types 
of error. The first is the belief that the only values that are worth con- 
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sidering are those accounted for commercially, A second and related 
source of error is a belief that outdoor recreation experience is outside 
the framework of economics, that the relevant values have an aesthetic, 
deeply personal, and even mystical nature. We believe both of these to 
be incorrect. In particular, the notion that economic values do not ac- 
count for aesthetic or personal values is fallacious and misleading. 
Economically, the use of resources for recreation is fully equivalent to 
other uses, and the values which are relevant do not necessarily need to 
be determined in the market place. This last condition does indicate 
that indirect means of supplying relevant measures of the values pro- 
duced may be necessary. But this is an empirical problem, albeit one of 
some considerable dimension, and the primary concern of this paper. 

The problem of using imputed values for value determination has been 
met with a considerable degree of success for some products of water 
resource development. Procedures have been developed to assess the 
value of the flood protection, irrigation, and power services produced by 
the projects, even though in many cases a market does not in fact exist 
or is inadequate for the actual benefit calculations. Without commenting 
on the adequacy of these methods, it is generally agreed that such mea- 
sures are useful in evaluating the output of project services. 


NATIONAL AND LOCAL BENEFITS 


Discussions of these topics have often been further confused by 
failure to separate two types of economic consequences or benefit. This 
has led to improper recognition of relevant and legitimate economic 
interests, and to inferior planning and policy choices. 

There are, first, what we may call primary benefits, or national 
benefits. Second, there are benefits we may refer to as local benefits, or 
impact benefits. Both sets of values resulting from investment in recrea- 
tion have economic relevance, but they differ, and they bear differently 
on decision. 

The primary recreation benefits, or values, are in general taken to be ex- 
pressions of the consumers’ willingness to pay for recreation services. 
These values may or may not register in the commerce of the region or in 
the commerce of the nation, but this does not make them less real. When 
appropriately measured, they are useful for guiding social choices at the 
national level. The other set of accounts is concerned with local expendi- 
ture of money for local services associated with recreation, While out- 
door recreation is not marketed—in the sense that the services of parks, as 
such, are not sold to any great extent in any organized market—moncy 
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does indeed become involved in the form of expenditures for travel, 
equipment, lodging, and so forth. The amount of money spent in connec- 
tion with outdoor recreation and tourism is large and growing, making 
outdoor recreation expenditures of prime concern to localities and re- 
gions which may stand to benefit. Our concern is with measuring the 
more difficult of the two types of benefit just mentioned—national recrea- 
tion benefits. While these are measured essentially by the consumers’ 
willingness to pay, in some cases the benefits extend to the non-using 
general public. 


ALTERNATIVE MEASUREMENT METHODS 


There are obvious advantages to evaluating recreation benefits by 
market prices in the same manner as their most important resource com- 
petitors. However, as we have indicated, past applications have been 
hampered by disagreement on what are the meaningful values. In spite 
of growing recognition that recreation has an important economic value, 
economists and public administrators have been ill-prepared to include 
it in the social or public calculus in ways that lead to better allocations 
of resources. 

The benefits of recreation from the social or community viewpoint are 
alleged to be many and varied. Some of the descriptions of public good 
externalities arising from recreation consumption are gross overstate- 
ments of the real values derived from the production of recreation 
services. But recreation benefits do in fact exist. Where externalities are 
real—as in cases of recreation in connection with visits to various historic 
areas or educational facilities, or where preservaton of unique ecological 
units has cultural and scientific values—they should be recognized in 
assigning values to the development or preservation of the areas. How- 
ever, it is our view that, by and large, recreation is a consumption good 
rather than a factor of production, and the benefits to be enjoyed are 
largely those accruing to the individual consumer participating. This is 
even more likely to be the case with recreation provided by water 
projects. The large bulk of primary recreation benefits can be viewed as 
the value of the output of the project to those who use them. This view 
stems from the concept that recreation resources produce an economic 
product. In this sense they are scarce and capable of yielding satisfaction 
for which people are willing to pay. Finally, some accounting can be 
made of this economic demand. 

As the desirability of establishing values for recreation use of resources 
has become more apparent over the past few years, a number of methods 
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for measuring or estimating them have been proposed and to some extent 
used. Some of the measures are clearly incorrect; others attempt to 


measure appropriate values, but fall short on empirical grounds [ref. 1, 
243] 


Gross Expenditures Method 


The gross expenditures method attempts to measure the value of rec- 
reation to the recreationist in terms of the total amount spent on recrea- 
tion by the user. These expenditures usually include travel expenses, 
equipment costs, and expenses incurred while in the recreation area. 
Estimates of gross recreation expenditures are very popular in some 
quarters; for one thing, they are likely to produce large figures. It is 
argued that persons making such expenditures must have received com- 
mensurate value or they would not have made them. The usual conten- 
tion is that the value of a day’s recreation is worth at least the amount of 
money spent by a person for the use of that recreation. 

These values have some usefulness in indicating the amount of money 
that is spent on a particular type of outdoor recreation, but as justifica- 
tion for public expenditure on recreation, or for determining the worth or 
benefit of the recreation opportunity afforded, they are of little 
consequence. 

The values we seek are those which show not some gross value, but 
the net increase in value over and above what would occur in the absence 
of a particular recreation opportunity. Gross expenditures do not indicate 
the value of the losses sustained if the particular recreation opportunity 
were to disappear, nor do they show the net gain in value from an 
increase in a particular recreation opportunity. 


Market Value of Fish Method 


A proposed method for estimating the recreation benefits afforded by 
fishing imputes to sport fishing a market value of the fish caught. The 
main objection to this procedure is the implied definition that the fish 
alone are the primary objective of the activity. 


Cost Method 


The cost method assumes that the value of outdoor recreation resource 
use is equal to the cost of generating it or, in some extreme applications, 
that it is a multiple of these costs. This has the effect of justifying any 
contemplated recreation project. However, the method offers no guide 
in the case of contemplated loss of recreation opportunities, and allows 
little or no discrimination between relative values of alternative additions. 
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Market Value Method 


Basic to the market value method measure is a schedule of charges 
judged to be the market value of the recreation services produced. These 
charges are multiplied by the actual or expected attendance figures to 
arrive at a recreation value for the services. 

The method is on sound ground in its emphasis on the willingness of 
users to incur expenses to make choices. However, the market for out- 
door recreation is not a commercial one, certainly not for much of the 
recreation provided publicly and only to a limited extent for private 
recreation. It is in part because private areas are not fully comparable 
with public areas that users are willing to pay the fees or charges. It 
seems, therefore, inappropriate to use charges paid on a private area to 
estimate the value of recreation on public areas. Also a single value 
figure or some range of values will be inappropriate for many recreation 
areas. Physical units of goods and services are not everywhere equally 
valuable, whether the commodity be sawtimber, grazing, or recreation. 
Location in the case of recreation affects value greatly. Moreover, differ- 
ences of quality and attractiveness of recreation areas are not fully com- 
parable or recognized by the unit values. 

There are other methods, but few have received much attention. 
Where does this leave us? The only methods to which we give high 
marks are based on the concept of willingness to pay for services 
provided. 


METHODS BASED ON WILLINGNESS TO PAY 


We have alluded to two kinds of problems we face in measuring the 
benefits of outdoor recreation: the conceptual problems and the measure- 
ment problems. 

Conceptually, we wish to measure the willingness to pay by consumers 
of outdoor recreation services as though these consumers were purchas- 
ing the services in an open market. The total willingness of consumers 
to pay for a given amount and quality of outdoor recreation (that is, the 
area under the demand curve) is the relevant measure we seek. Our con- 
ceptual problems are essentially that any measurement of effective 
demand in the current time period, or even an attempt to project effective 
demand in future time periods, must necessarily omit from the computa- 
tion two kinds of demand which may or may not be important. These 
are option demand and demand generated by the opportunity effect. 


1 These concepts are developed by Davidson, Adams, and Seneca in “The Social 


Value of Water Recreational Facilities Resulting from an Improvement in Water 
Quality: The Delaware Estuary,” published in this volume. 
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Option demand is that demand from individuals who are not now 
consumers or are not now consuming as much as they anticipate con- 
suming, and who therefore would be willing to pay to perpetuate the 
availability of the commodities. Such a demand is not likely to be meas- 
ured by observance or simulation of market phenomena. The oppor- 
tunity effect derives from those unanticipated increases in demand caused 
by improving the opportunities to engage in a recreational activity and 
thereby acquainting consumers with new and different sets of opportuni- 
ties to which they adapt through learning processes. To our knowledge 
no methods have been proposed which might be used to measure these 
two kinds of demand for a good. 

Notwithstanding the undoubted reality of these kinds of demand, our 
presumption is that effective demand is likely to be the predominant 
component of the aggregate demand for outdoor recreation of the abun- 
dant and reproducible sorts we have in mind. We further presume that 
this quantity can be estimated in a useful way, although by fairly indirect 
means, for we have no market guide of the usual sort. Two methods—a 
direct interview, and an imputation of a demand curve from travel cost 
data—currently appear to offer reasonable means of obtaining meaning- 
ful estimates. 


Interview Methods 


The essence of the interview method of measuring recreation benefits 
is that through a properly constructed interview approach one can 
elicit from recreationists information concerning the maximum price they 
would pay in order to avoid being deprived of the use of a particular 
area for whatever use they may make of it. The argument for the exis- 
tence of something to be measured rests on the conception that the 
recreationist is engaged in the utility maximizing process and has made a 
rational series of allocations of time and money in order to participate in 
the recreation being evaluated. Since the opportunity itself is available 
at zero or nominal price, the interview provides the means for discovering 
the price the person would pay if this opportunity were marketed, other 
things being equal. 

The chief problem to be reckoned with in evaluating interview re- 
sponses is the degree of reliability that can be attached to the information 
the respondent provides the interviewer. Particularly on questions dealing 
with matters of opinion, the responses are subject to many kinds of bias. 

One such bias of particular interest to economists stems from the 
gaming strategy that a consumer of a public good may pursue on the 
theory that, if he understates his preference for the good, he will escape 
being charged as much as he is wiling to pay without being deprived of 
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the amount of the good he now desires. This may be a false issue, par- 
ticularly when it comes to pursuing recreation on private lands or waters, 
because the consumer may be well aware that the owner could, through 
the exercise of his private property rights, exclude the user from the 
areas now occupied. An equally good case can be made that, on state 
and national park Jands to which there is limited access, particularly 
when at the access points the authority of the state is represented by 
uniformed park patrolmen, recreationists would have no trouble visualiz- 
ing the existence of the power to exclude them. This being the case, it is 
not unreasonable to expect the recreationist to be aware of some willing- 
ness to pay on his part in order to avoid being excluded from the area he 
now uses. 

Counterbalancing the possibility that the recreationist may purposely 
understate his willingness to pay in order to escape charges is the possi- 
bility that he may wish to bid up his apparent benefits in order to make a 
case for preserving the area in its current use, a case equally appropriate 
on private or public lands and waters. 

The problem, to continue the argument, is narrowed to one of phras- 
ing the question in such a way that the recreationist is not asked to give 
his opinion on the propriety of charging for the use of recreation areas. 

It has become something of a principle in survey methodology that 
the less hypothetical the question, the more stable and reliable the re- 
sponse. By this principle, the respondent ought to be a consumer of the 
product rather than a potential consumer, thus distinguishing the data 
collected as pertaining to effective demand rather than to option or 
potential demand. It may also be preferable to impose the conditions on 
the interview that it occur at a time when the respondent is engaged in 
the activity. This may contribute to the accuracy of the responses by 
reducing the requirement that he project from one situation to another. 
(Admittedly, it is desirable to experiment with the methodology on this 
question, as well as others, in order to determine its sensitivity to such 
variations. ) 

In sum then, we expect to discover the consumer’s willingness to pay 
through a properly constructed interview, and further, we expect that this 
measure will be the same quantity as would be registered in an organized 
market for the commodity consumed by the respondent. In other words, 
we hold a deterministic view that something exists to be measured, and 
is a sufficiently real and stable phenomenon that the measurement is 
useful. 


The Interview Procedure. The wilingness to pay of a sample of users 
of a forest recreation area in northern Maine was determined in inter- 
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views on the site [ref. 4]. The interviews included a bidding game in 
which respondents could react to increased costs of visiting the area. Bids 
were systematically raised or lowered until the user switched his reaction 
from inclusion to exclusion or vice versa, At the beginning of the inter- 
view rapport was established with the respondents largely through objec- 
tive questions inquiring into their recreation activities on the area, on 
other areas, and the details of their trips. The bidding questions were 
interspersed with a series of propositions for which the respondent was 
to indicate his opinion in the form of a positive, negative, or neutral 
reaction. His reactions to increased expenses connected with the visit 
constituted the essence of the bidding game. Personal questions regarding 
income, education, and the like were confined to the end of the interview. 

The sampling procedure amounted to cluster sampling, since the 
procedure followed was to locate areas of use such as campgrounds and 
to systematically sample from the available clusters of users. The inter- 
views were conducted from June through November by visiting areas in 
the privately owned forests of northern Maine and in Baxter State Park. 

The data from the interviews is pooled to include hunters, fishermen, 
and summer campers. This pooling is defended largely on the grounds 
that no structural differences between identifiable strata were detected in 
a multiple regression analysis of the responses. 

The procedure imputes a discontinuous demand curve to the indi- 
vidual household which may be realistic under the time constraints faced 
particularly by vacation visitors and other non-repeating visitors. This 
rectangular demand curve (Figure 1) reflects a disposition either to 
come at the current level of use or not to come at all if costs rise above a 
limiting value. Its realism is supported by a number of respondents whose 
reaction to the excluding bid was precisely that they would not come at 
all. It seems reasonable to view the use of remote areas such as northern 
Maine as lumpy commodities which must be consumed in five- or six-day 
lumps or not at all. Deriving an aggregate demand function from the 


Figure 1. At prices in the range 0 — P, the 
constant amount Q, will be demanded. Above 
P,, demand will fall to zero, The individual 
may be in one of three states depending on 
the reigning price. Consider three individual 
cases with market price at P,: The user pay- 
ing P, is excluded; P,, is associated with the 
marginal user; and P, is the willingness to 
pay of the third user who is included at the 
0 Qo reigning price, P,. 
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individual responses so characterized is simply a matter of taking the 
distribution function of willingness to pay cumulated on a less-than 
basis. This results in a continuous demand schedule which can be inter- 
preted for the aggregate uscr population as a conventional demand 
schedule. 

For the sample of 185 interviews, willingness-to-pay-per-household- 
day ranges from zero to $16.66. Zero willingness to pay was encountered 
in only three interviews. At the other extreme, one or two respondents 
were unable to place an upper limit on their willingness to pay. The dis- 
tribution of willingness to pay shows a marked skewness toward the high 
values. The modal willingness to pay occurs between $1.00 and $2.00 
per day per houschold. 

Sixty per cent of the variance of willingness to pay among the inter- 
views is explained in a multiple regression equation with willingness-to- 
pay-per-household-visit a function of income of the household, years of 
expericnce by the houschold in visiting the arca, and the length of the 
stay in the area. (See Equation |.) While the large negative intercept of 
this equation necessitated by its linear form causes some difficulties of 
interpretation, the exhibited relation between willingness to pay, and 
income, experience, and length of stay appears reasonable. The house- 
hold income not only reflects an ability to pay, but a positive income 
elasticity of demand for outdoor recreation as found in other studies. 
It is also significant that an internal consistency was found in the re- 
sponses to income-related questions. 


R? 
W = — 48.57 + 2.85Y 4+ 2.88E + 4.76L ae) (1) 
(1.52) (0.58) (1.03) 
oO OU 
Wee 4 Ee Nf: ee) ied (2) 


(.13) (.07) (.17) 


Standard errors of regression equations: (1) 39.7957; (2) 2.2007 
Standard errors of coefficients are shown in parentheses. 

W = household willingness to pay for a visit. 

E = years of acquaintance with the area visited. 

Y = income of the household in thousands of dollars. 

L = length of visit in days. 

F = ratios of both equations are highly significant. 


ss Obtained from arithmetic values of residual and total variances. (R? of the logarith- 
mic transformation is .4309.) 


The significance of years of experience in returning to the area may be 
interpreted as the effect of an accumulated consumer capital consisting 
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of knowledge of the area, acquisition of skills which enhance the enjoy- 
ment of the area, and in some cases use of permanent or mobile housing 
on the area. 

The significance of length of stay in the regression equations is that it 
both measures the quantity of goods consumed and also reflects a quality 
dimension suggesting that longer stays probably reflect a greater degree 
of preference for the area. 

Colinearity among explanatory variables was very low. The general 
economic consistency and rationality of the responses appear to be high. 
Respondents’ comments indicated they were turning over in their minds 
the alternatives available in much the same way that a rational shopper 
considers the price and desirability of different cuts or kinds of meat. 
Both the success in finding acceptable and significant explanatory vari- 
ables and a certain amount of internal consistency in the responses 
Suggest that considerable weight can be attached to the interview 
method. 


The Simulated Demand Schedule. While providing an adequate 
equation for predicting the willingness to pay of any user, the results 
of the interviews do not serve as direct estimates of willingness to pay of 
the user population, because the income, length of stay, and years’ 
experience of the interviewed sample do not accurately represent the 
characteristics of the population of users. Fortunately, it was possible to 
obtain a reliable sample of the users by administering a questionnaire to 
systematically selected samples of users stopped at the traffic checking 
stations on the private forest lands. A logarithmic estimating equation, 
although not as well fitting, but free of a negative range, was used to 
compute the willingness to pay for each household in the sample. (See 
Equation 2.) The observations were then expanded by the sampling frac- 
tion to account for the total number of users during the recreation 
season. 

The next step in the analysis consists of arraying the user population 
by willingness to pay, and building a cumulative distribution downward 
from the upper limit of the distribution. Table 1 shows the resulting 
demand and benefit schedule. The schedule accounts for the total of 
about 10,300 user households estimated to be the user population in a 
450,000-acre area of the Maine woods near Moosehead Lake, known as 
the Pittston area. 

The demand schedule is noticeably elastic from the upper limit of 
$60.00 to about $6.00, at which point total revenues are maximized. 
The interval from $60.00 to $6.00 accounts for the estimated willingness 
to pay of nearly half of the using households. Total benefits at $6.00 are 
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TABLE 1. 


Demand and Benefit Schedules for Pittston Area Based on Alternative 
Estimates of Willingness to Pay 
a en a 


Willingness to drive Willingness to drive 
Interview results (interview method) (travel cost method) 
a Housce- Benefits! House- Benefits! House- Bene- 
hold hold hold fits! 
visits visits visits 
$70.00 0 0 
60.00 11.36 $ 747.77 
50.00 15935 983.56 
40.00 44.31 2,281.46 
30.00 150.22 6,003.19 11.36 $ 384.79 165 $ 3,800 
26.00 215.80 7,829.71 
22.00 391.07 12,027.89 
20.00 536.51 15,099.31 716.96 1,890.12 422 12,134 
18.00 757.86 19275.95 
16.00 1,069.01 24,607.81 
14.00 149 aD eee oi, OD Tek, 392.29 7,287.06 
12.00 1,866.41 35,802.70 
10.00 2,459.70 42,289.68 2 Note9i 285921293 1,328 26,202 
8.00 3,100.99 48,135.01 
6.00 4,171.89 55,794.64 
4.00 5,926.94 64,436.36 5,721.06 53,531.68 3,459 44,760 
2.00 7,866.02 70,222.66 


0.00 10,333.22 71,460.94 10,339.45 63,689.99 10,333 69,450 


1 Benefits are computed as the integral of the demand schedule from price maximum to 
price indicated. Willingness to drive computations are based on an assumed charge of 5¢ 
per mile for the one-way mileage. 


$56,000. The price range below $6.00 accounts for the other half of the 
using households, but only for $15,000 in additional benefits. Benefits 
are estimated as the cumulative willingness to pay or the revenues avail- 
able to a discriminating monopolist. 


Willingness to Drive vs. Willingness to Pay. An alternative expres- 
sion of the willingness of recreationists to incur additional costs in order 
to continue using an area may be found in their willingness to drive addi- 
tional distances. This measure was first proposed by Ullman and Volk 
[ref. 5] although in a different version than is used here. (See also [ref. 6].) 

Willingness to drive additional distances was elicited from respondents 
by the same technique used to elicit willingness to pay. If there are biases 
involving strategics to avoid paying for these recreation areas, then cer- 
tainly willingness to drive is to be preferred over willingness to pay as an 
expression of valuc. Analysis of the willingness to drive responses shows 
that a partly different set of variables must be used to explain the re- 
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sponses. Equation 3 shows willingness to drive extra miles to be a func- 
tion of length of stay and miles driven to reach the area. 


Wm = 41.85 + 20.56L + .15M (3) 
(3.03) (04) (R? = .3928) 
Wm = willingness to drive additional miles. 
L = length of visit in days. 
M = miles traveled to area. 


The respondents thus expressed a willingness to exert an additional 
driving effort, just as they expressed a willingness to make an additional 
money outlay if this became a requisite to using the area. Morcover, 
there is a significant correspondence between willingness to pay and will- 
ingness to drive. The simple correlation coefficient between these two 
variables is .5. Because of the correlation with length of stay, the reduc- 
tion in unexplained variance produced by adding either variable to the 
equation in which the other variable is the dependent one is not very 
high. However, willingness to pay was found to increase about 5¢ per 
mile as a function of willingness to drive additional miles. This result 
gives us a basis for transforming willingness to drive into willingness to 
pay. 

We may now construct a demand schedule for the Pittston area on the 
basis of willingness to drive, and compute a willingness to pay at 5¢ per 
mile. The resulting demand and benefit schedules appear in Table 1. 
The estimated $64,000 of total benefits is very close to that developed 
from the willingness to pay interview. While one may quibble about the 
evaluation of a mile of extra driving and about the treatment of one-way 
versus round-trip distance, the first approximation using the obvious 
value of 5¢ and one-way mileage as reported by the respondents produces 
a result so close to the first result that we need look no further for mar- 
ginal adjustments. The initial-result strongly suggests that mileage meas- 
ures and expenditure measures have equal validity as a measure of 
benefits in this particular case at least. 

There are some differences between the respective demand schedules 
worth noting. The much lower price intercept on the willingness to drive 
schedule reflects the effect of the time constraint in traveling as well 
as our possibly erroneous constant transformation of miles to dollars 
when an increasing cost per mile would be more reasonable. The travel 
schedule is also elastic over more of its range than the dollar schedule— 
also perhaps a result of the constant transformation employed. 

This initial success with alternative derivations of the benefits schedule 
now leads us to examine an alternative method for estimating the 
willingness to drive schedule. 
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Travel-Cost Method of Estimating User-Demand Curve 


The direct interview approach to the estimate of a true price-quantity 
relationship, or demand curve, for the recreation experience is one 
approach to the benefit calculations based on willingness to pay. An 
alternative approach has received some recognition and has been applied 
in a number of limited instances with at least a fair degree of success. 
This uses travel-cost data as a proxy for price in imputing a demand 
curve for recreation facilities. [Ref. 7, 8, 9, 10.] As with the direct inter- 
view approach, we believe that estimates derived from this approach are 
relevant and useful for measuring user benefits of outdoor recreation. 

The travel-cost method imputes the price-quantity reactions of con- 
sumers by examining their actual current spending behavior with respect 
to travel cost. The method can be shown by using a simple, hypothetical 
example. Assume a free recreation or park area at varying distances 
from three centers of population given in Table 2. 


TABLE 2. 
Visits to a Hypothetical Recreation Area 
City Population Cost of visit Visits made Visits /1,000 pop. 
A 1,000 $1.00 400 400 
B 2,000 3.00 400 200 
Cc 4,000 4.00 400 100 


The cost of visiting the area is of major concern and would include 
such items as transportation, lodging, and food cost above those incurred 
if the trip were not made. Each cost would vary with the distance from 
the park to the city involved. Consequently, the number of visits, or 
rather the rate of visits per unit of total population of each city, would 
also vary. 

The visits per unit of population, in this case per thousand population, 
may then be plotted against the cost per visit. A line drawn through the 
three points of such a plot would have the relationship given by the equa- 
tion of C = 5 — V, or perhaps more conveniently V = 5 — C, where C 
is cost of a visit and V is the rate of visits in hundreds per thousand 
population. This information is taken directly from the tabulation of con- 
sumer behavior. The linear relationship assumed here is for convenience. 
Actual data may very well show, for example, that $1.00 change in cost 
might have only a slight effect on visit rate where the visit is already high 
in cost, and a large effect on low-cost visits. 

The construction of a demand curve to the recreation area, relating 
number of visits to varying cost, involves a second step. Essentially, 
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it derives the demand curve from the equation relating visit rates to cost, 
by relating visit rates of each zone to simulated increases in cost and 
multiplying by the relative populations in each zone. Thus we might 
first assume a price of $1.00, which is an added cost of $1.00 for visits 
to the area from each of the three different centers used in our hypotheti- 
cal example. This would have the expected result of reducing the number 
of visitors coming from each of the centers. The expected reduction is 
estimated from the visit-cost relationship. The total visits suggested by 
these calculations for different prices or differing added cost are given as: 


Price Quantity 
(added cost) (total visits) 
$0.00 1,200 
i.00 500 
2.00 200 
3.00 100 
4.00 0 


These results may then be taken as the demand curve relating price 
to visits to the recreation area. While this analysis takes visits as a simple 
function of cost, in principle there is no difficulty in extending the analy- 
sis to other factors important in recreation demand, such as alternative 
sites available, the inherent attractiveness of the area in question or at 
least its characteristics in this regard, and possibly even some measure of 
congestion. 

A difficulty with this method of benefit approximation is a consistent 
bias in the imputed demand curve resulting from the basic assumption 
that the disutility of overcoming distance is a function only of money 
cost. Clearly this is not so. The disutility is most likely to be the sum of 
at least three factors: money cost, time cost, and the utility (plus or minus ) 
of driving, or traveling. The total of these three factors is demonstrably 
negative, but we do not know enough about the significance of the last 
two components. In all likelihood their sum—that is, of the utility or 
disutility of driving and the time cost—imposes costs in addition to 
money. To the extent that this is true the benefit estimate will be con- 
servatively biased, for, as has been indicated, it is assumed that the 
only thing causing differences in attendance rates for cities located at 
different distances to a recreation area will be the differences in money 
cost. The method then postulates that if money cost changes are affected, 
the changes in rates will be proportional. What this bias amounts to is, 
essentially, a failure to establish a complete transformation function 
relating the three components of overcoming distance to the total effect 
on visitation rates. The resulting conservative bias must be regarded as 
an understatement of the recreation benefits which the approach is 
designed to measure. 
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Application to Pittston Area. The travel-cost method was applied to 
the same area as that used to illustrate the interview method of recreation 
benefit estimation. The same data were utilized to allow at least a crude 
comparison of the methods. In all, 6,678 respondents who said the Pitts- 
ton area was the main destination of their trip were used in the analysis. 

Visit rates of visitors from groups of counties near the area and from 
some states at greater distances were plotted against distance. The results 
were fairly consistent considering the rough nature of the approximations 
used in estimating distance. A curve was drawn through the points, giving 
a relationship between visit rates and distance. The demand curve was 
then calculated, giving a price-quantity relationship based on added dis- 
tance (or added toll cost) and total visits. It was assumed initially that 
travel cost would be 5¢ per mile, using one-way distance to conform 
with our earlicr analysis of travel cost by the interview method. 

The results at this point were not comparable to the interview method 
because of a difference in the number of users accounted for. It will be 
recalled that in the analysis we are now describing only those respondents 
were used who had specifically stated that the visit to the Pittston area 
was the main destination of the trip. In order to make this number com- 
parable to the total number of users accounted for in the interview 
estimate, we counted at half weight the 1,327 respondents who said that 
Pittston was not the primary destination of the trip, and also included in 
this group the non-response questionnaires and others with incomplete 
information. In this way we accounted for the same number of users as 
in the interview estimate. This very crude approximation points out the 
problems of the multiple-destination visit, but perhaps adequately serves 
the present purpose. 

On the basis of these approximations, the benefit estimates on an 
annual basis were $70,000, assuming 5¢ per mile one-way distance. 
While the assumptions made throughout this analysis are subject to re- 
finement, the exercise does seem to illustrate that the procedure is feasi- 
ble from a practical standpoint and does produce results that are eco- 
nomically meaningful. 


COMPARISON BETWEEN TRAVEL-COST AND 
INTERVIEW METHODS 


Having demonstrated that fairly close results are obtained from both 
the interview and imputation methods of estimating recreation benefits 
on the basis of reactions to travel costs, and further that the interview 
method of directly estimating willingness to pay agrees closely with both 
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estimates based on travel costs, we can now begin to assess the meaning 
of these results. In some ways the task would be easier if the results had 
not agreed so closely, for the three methodologies may imply different 
things about the users’ reactions to increased costs. At least, it is not 
obvious without further probing as to why the agreement is so close. 

The interview and imputation methods of estimating benefits on the 
basis of willingness to incur additional travel costs do not, for example, 
neatly imply the same relationship between distance traveled and willing- 
ness to incur additional travel costs. The estimating equation derived 
from the interviews (Equation 3) suggests that the farther one has 
traveled, the greater additional distance he will travel. Yet the imputation 
procedure implies that the willingness to drive by populations in the 
respective zones does not vary consistently with distance. Furthermore, 
according to the interviews, responses to the monetary measure of will- 
ingness to pay do not attribute any variance in willingness to pay to the 
distance factor, nor is an indirect relationship obvious. It seems relevant 
to inquire into the implied effects of these factors to discover why the 
alternative procedures appear to imply substantially different determi- 
nants of willingness to pay. 

The superficial agreement in results may be upheld by this kind of 
further probing, but there are also some methodological issues which 
should not be overlooked. The travel-cost methods are obviously sensi- 
tive to such matters as the weighting given to multiple-destination visits 
and to the transformation used to derive costs from mileage values. Both 
methods are sensitive to the usual problems of choosing an appropriately 
fitting equation for the derivation of the demand schedule. The interview 
method has a poorly understood sensitivity to the various methodologies 
that might be employed in its use. Moreover, even the minimal use of 
interviews in studies of recreation benefits makes the method far more 
costly than the imputation method based on travel costs. R 

There are, however, complementarities in the two basic methods which 
may prove highly useful. In the first place, the two methods may serve as 
checks on each other in applied situations. One is certainly in a better 
position from having two methods produce nearly identical answers than 
if he has to depend on only one. There are also interesting possibilities 
that interviews may be the best way of resolving the ambiguities in the 
travel-cost method concerning the treatment of multiple-destination cases 
and for finding the appropriate valuation for converting distance into 
dollars. Much can be said for letting the recreationist tell us how to 
handle these problems. 

In sum, we have examined three methods of measuring recreation 
benefits. All three measure recreationists’ willingness to pay. This, we 
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argue, is the appropriate measure of primary, or national, benefits. 
Furthermore, the measures are in rough agreement as to the benefits 
ascribable to an arca of the Maine woods. This may be taken as evidence 
that we are on the right track. There are, however, some rough spots to 
be ironed out of each of the methods—an endeavor we believe to be 
worthy of major research effort if benefit-cost analysis is to contribute 
its full potential in planning decisions affecting recreation investments in 
land and water resources. 
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A METHOD OF ESTIMATING SOCIAL 
BENEFITS FROM POLLUTION CONTROL 


Karl-Géran Méler* 


The Stockholm School of Economics, Stockholm, Sweden 


I. Introduction 


In an article in Water Resources Research, 1966 [3], Joe B. Stevens tried to 
estimate direct recreational benefits from water pollution control by using 
market demand curves for a sport fishery. The quality of the fishery was 
represented by the angling success per unit of effort. Water pollution would 
cause a deterioration in the quality, i.e. would decrease angling success. By 
estimating a demand function for the sport fishery, both as a function of the 
price of using the fishery and as a function of the quality variable, Stevens 
thought he could calculate the recreational benefits or the willingness to pay 
for maintaining constant quality, from various areas under the demand curves. 

Stevens’ idea, although a very sound one, was not developed in a rigorous 
way and his conclusions were therefore vague. The aim of this article is to 
develop a theory which can lend support to calculations such as those presented 
by Stevens. 

The ideas in this article will first be presented intuitively in a non-rigorous 
way. Then Section III includes a brief review of elements from demand ana- 
lysis and a statement of the marginal conditions for Pareto-optimality in an 
economy with public goods. A theoretical framework is developed in Section 
IV which enables derivation of the willingness to pay for public goods in certain 
cases on the basis of information on demand functions for private goods. 


II. Intuitive Presentation of the Main Idea 


It is natural to assume that if it is known that a public good is complementary 
to a private good, then it should be possible to calculate the demand for the 
public good if the demand for the private good is known. And if a public good 
is a perfect substitute for a private one, the consumers’ preferences for the 
public good can be derived from the revealed preferences on the market. 

A systematic study of the a priori conditions with regard to the preferences 
for a public good, obtained from complementariness and substitutability is 


* I am very grateful to Professors P. Bohm, Clark Reynolds and Robert Solow for valu- 
able comments and suggestions. This project was supported by the Ford Foundation and 
Stiftelsen Riksbankens Jubileumsfond. 
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required. We will not undertake this kind of study here, but instead discuss a 
single condition which seems realistic in some cases. 

Consider a private good x,, which can be produced in different qualities Y,, 
but in only one quality at a time. The use of a fishery, for example, can be 
regarded as a private good. The quality of the fishery measured in terms of 
the catch of fish per unit of fishing time or the oxygen dissolved is a public 
good in the sense that all consumers using the fishery meet with the same 
quality. Those who do not use the fishery will generally be indifferent to 
quality changes. A single consumer will be indifferent to quality changes if 
the price of the corresponding private good is high enough to prevent him from 
using the fishery. This idea, simple as it is, provides an additional condition 
which can used for calculating the demand price for quality changes. (Note 
that if the private good can be supplied in different qualities at the same time, 
the quality ceases to be a public good. In this case we do not have one private 
good but many, each characterized by a certain quality.) 

The condition can be stated mathematically in the following way: There 
exists a private good x, and a public good Y, such that 


du"(ay,, sleiy CHG On eoy eas ecey Uny Nae sees ¥.) 6 (1) 
ar, 


where w” is the utility function of consumer h. 

Assumption (1) implies that the demand price for Y;, can be calculated from 
the demand function for x,. This can be observed intuitively as follows. 

Consider the compensated demand curve AB for good j in Fig. 1. At the 
price p,=p,, the consumer demands @, and the consumer surplus is the cross- 
shaded area ABC. The consumer is thus willing to pay ABC in order to prevent 
a fall in the supply from Z, to zero. 

Now consider a change in Y,. This will cause the compensated demand 
curve to shift to DH. The new consumer surplus becomes the area CDE 
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(provided the price does not change). How much is the consumer willing to 
pay for the change in Y,, that is how much is he willing to pay for the induced 
movement from B to H? 


This movement can be divided into three steps: 


(a) a change in p, from C to D. In order not to put the consumer in a worse 
position, he has to be compensated by ABO, 

(b) a change in Y,. If we apply assumption (1), this change will not cause any 
need for compensation, 

(c) a change in p, from D to £. In order not to put the consumer in a beter 
position, he has to pay the amount CDE. 


The net result is CDH—ABC or the area BADE. The amount the consumer 
is willing to pay to obtain the change in Y, is thus BADE. 

Note that this calculation is impossible without assumption (1). If (1) is 
not applicable, the appropriate transfer in step (b) cannot be estimated. If 
the consumer is willing to offer something in order to improve the quality of 
x, even if he does not consume z,, then nothing can be said about his willingness 
to pay for a change on quality on the basis of his demand curve for z,. 


III. Summary of Results from Demand Analysis 


This section contains a brief review of some elementary parts of demand 
analysis which are relevant to this study. 
We assume that there are H consumers, each equipped with a utility function 


ux", Y) h=1,...,H 


where a” is the vector of net demand for private goods (there are n private 
goods in the economy) and Y is the vector of public goods supplied (there 
are m public goods and each public good is characterized by the condition 
that an increase in the supply of the public good for one person means an 
identical increase in the supply to all other persons). In this context environ- 
mental quality is interpreted as a public good because the quality of the water 
in a stream is the same for everyone. 

We assume that u(x", Y) is twice continuously differentiable and that wu” 
is quasi concave. We denote the partial derivatives by subscripts: 


dum P 
Ox, 

ou" F 
—— = u 
OY & 
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Given the lump sum income J” and the price vector pe R", the budget set for 
the A:th consumer is defined by 


MP = {x"|pTa” < I", a" > 0} 

We can now study the two “dual” problems 
max w"(x", Y) 

s.t. 2" € M" 


and 
min m" = pT a” 
ait.a(at, V) 2 te 


The first order conditions for the problems are 


as Ap, t=J,..5% (2) 
and 
au =p, ta1,..,7 (3) 


where 4” and «”, respectively, are Lagrange multipliers for the two problems. 
Solving the first order conditions for the first problem yields: 

eet ly) 

w= ur(al(p Il”, Y),Y) =o'(p, tl", 2) 

and for the second problem 

a = at (p, a", Y) 

m" = pa" (p, a", Y) = mp, a", Y). 

” is the usual Marshallian demand function and v" is called the indirect 

* is the Hicksian compensated demand function and m* 


is called the expenditure function. 
We need the following results (for proofs see e.g. Karlin, Ch. 8 [1]) 


x 
utility function. 2 


(a) m” is a concave function in p 


(b) a"(p, m"(p, a", Y), Y)=a"*(p, a", Y), that is, if income is varied so thatthe 
consumer is always on the same indifference curve, then the compensated 
demand functions aro obtained from tho Marshallian demand functions. 


1 A vector x is interpreted as a column vector and transposition of a vector to a row vector 
will be denoted by the symbol T . We use the following conventions for vector inequalities: 
x >Oif x,>0 for all components 2, 

x2Oif*«>0 and «+0 

x >Q if 2,>0 for all components a. 
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(c) the Slutsky equations: 


am" aatam™ aa? Ostia 4 
ap eg ee OS A pad os it, 

apap, al” ep, ap, m 
The Slutsky equations give the expenditure function as a solution to a system 
of (not independent) differential equations. The boundary conditions are 


m™(p, a", Y) = I" 


om"(p, ti", Y) _ 


a?(p,I*,Y) i=1,...,n 
Op, i(p ) 


where «"=v"(p, I", Y) and @, Y are the prices and the supply of public goods 
in the initial situation. 

If the Marshallian demand function x’(p, I”, Y) are known, we can solve the 
Slutsky equations and determine m as a function of p. But without further 
assumptions m as a function of Y cannot be determined. 

Let us now turn to the problem of aggregation of expenditure functions. The 
demand functions for consumer h are 


tp TY ). 


The aggregate demand functions are 


H 
Ap Lic Ye arp, 1 iY): 

h=1 
A necessary and sufficient condition for writing this aggregate demand 
function as a function of the aggregate income J = X;/_1/", instead of the indi- 
vidual incomes for arbitrary variations in income, is that all individuals have 
the same marginal propensity to demand out of income. Let us therefore 
assume that the individual demand functions are of the form 

dal = ak 


a} = x?(p,I", Y), ares Bey hkl, D,. t— 1st 


We can then aggregate to 


A= X(p,J,Y) 
where 
H ox 
=; h ale 
I 22 A ar B,. 


Let us now define the aggregate expenditure function m as 
af 

m= > m", 
h=l 


Swed. J. of Economics 1971 


359 


360 


The Economics of the Environment 


126 K.-G. Mdler 


Then 

am _ & om? 

Op, = n= OP 

and 

am al ti dact am" dxf ae am 0X 
= aan St a = ie Piet a 

Op, Op, apap) n-1(OL" Op, On, h=1 Pp, Op; 


and the aggregate expenditure function also satisfies the differential equations 
(4). Thus the condition for consistent aggregation of demand fumctions for 
arbitrary variations in individual incomes is also the conditions for consistent 
aggregation of expenditure functions. From now on it is assumed that this 
condition is fulfilled. 

Samuelson [2] has shown that for a Pareto optimum in an economy with 
public goods, the following condition must be satisfied: 


“ne eye 
— = MC, 
n-10Y, act 


where MC}, is the social marginal opportunity cost of producing the public 
good Y,, in terms of production of the private good 2. 
Let the price of commodity 1 be p, and put 


ou" au" 
~ Pray, axe” 


a% will be interpreted as consumer h’s demand price for the public good k. 
The purpose of this paper is to discuss one way of estimating the total demand 
price 


H 
= 2a 
heal 


for the public good k. 
Obviously, the total demand price will be a function of the price vector p, 
the incomes I, ..., I * and the vector of public goods supplied Y: 


H H 
3b, = > on = > gp, 1", Y). 

hm h=1 
The expenditure function for consumer h is 
m"(p, a", Y) = ps", 


If we differentiate the condition u* =a" with respect to Y, we have 
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We also know that au} =p, so that 


am®  % arht 2 aght au" au /ou" 
pala es pis Cee Nahe JF Se, pate ae. Ty 
aY, 2 oy, ar > i aY, Ve roy | nc 


The same relation holds for the total demand price 


om 
or 6,. 

The marginal willingness to pay or the demand price for the public good can 
therefore be estimated by estimating the expenditure function as a function 
of Y. But it was noted above that this is impossible if the only information 
we have consists of the demand functions for private goods. Thus further 
assumptions have to be added in order to solve our problem. 


IV. Estimating Demand Prices for Public Goods 


Note that assumption (1) is invariant for monotonic transformations of the 
utility function. In fact, let F' be any monotonic increasing function. Then 


DET (ig iveey Oy anon End )) x Dib tacere gy sya 2) 


———> s 


aY, oY, 


Note also that (1) is equivalent to 


am(p', a, Y) _ 


oY, 0 (5) 


where p’ is the price vector which causes a zero compensated demand for 
az,, that is x =O (for simplicity the superscript h is dropped). 

Assume that there is a pair z,, Y,, such that (1) is true. Let us now aggregate 
all other private goods to a composite good z with a price p, and denote 2, 
by x. As the supply of all public goods except Y,, is going to be held constant, 
we can drop the corresponding variables and denote Y, by Y. 

The demand function for 2 can then be written 


ie (Dz, Ds, DF Y). 
Consider the first equation in (3): 


Gm _ 2x(Ps,P2,™m, Y)om _ 0x Pr, Pz, ™, Y) 
Op’ al Ops Ops 


= 0. 


The general solution to this equation will have the form 


1 (Pr Pas ¥, Pi» P2) (6) 
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where , and gy are functions of p, and Y. 
The initial conditions are 


(Pr Pz VG Py 2) =I 


Oy(Pr Dz, Le Pv Pa) = «(Drs Das i Y) 
Ope 
where #,, j,, Y are the prices and supply of the public good in the initial 
situation. By solving the initial conditions the values of p, and y, in the initial 
situation can be obtained. 
Noto that the compensated demand function for x is given by 


om 
te ap: = (Pes Das Y; Pr» P2): 


Denote the inverse function by 


Pr = h(a. Pw ve PP.» P2)- 


Because the substitution effect is always negative, we know that this function 


always exists. 
This function enables us to find those prices for which 2* is zero: 


P2 > Pz = h,(0, Pe, Y, 91-92). 

If we substitute this in (6) we obtain 

(Des Per Y) = MPs» Per ¥) = p(hs(0, Per Ys Yr» P2)) Per Ys Pr Pa) (7) 
for p,>Pz- 


Assumption (5) can now be applied. If assumption (1) or (5) holds, then the 
derivative of (7) with respect to Y is zero: 


dm _ dp oh, , op , dy ag, , oy LE (8) 
dY op,0Y oY 0@9,0Y 09,0Y : 


This is a differential equation in the two unknown functions gy, and y, .But 
(8) is an identity in p, which implies that (8) can be differentiated with respect 
to p, 80 as to obtain one more equation. 

We thus have two differential equations in the two unknowns 9,(¥) and 
72(¥). By solving these two equations, m is determined wholly as function of 
p, and Y. By utilizing standard theorems on the existence and uniqueness of 
solutions to differential equations we see that the solution obtained is the 
desired expenditure function. 

This analysis has, however, been carried out under one implicit assumption, 
i.e. that the demand function for x has Y as an argument. If this is not the 
case, the differential equation (8) cannot be established. Later on it will be 
shown that this is an exception which is not likely to occur. 
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The following simple example will be used to clarify the procedure outlined 
above. . 


Suppose we have obtained estimates of the demand functions 
z= I/2p,—aY/2 
z= I/2p,+p,aY/2p, 


where a is some positive constant. 

The differential equations (3) become 
em 1 am, m _ 
Op: 2p, 0p, 2p; 

a?m 1 dm aY 


dp,p, 2p,0p, 2p, 


0 


By substitution we see that 


Ms Yi( Pz Y) p a Pl Pz Y)p, 


is a solution to the first equation. If this expression is substituted for m in the 
second equation, we obtain 


lop, _,, %, 1 = 1 aY 
etch Bl ets Se 7+ — eee 
20p,)* "ap, 4p,7'P* ~ op, %* on, 


Because both ¢, and g, are indepedent of p,, this yields two equations 


os ee ee 
ap, 2p," 

and 

op, 1 aY 


The solutions are 
G1 =fK(Y) p} 
P2 = C(Y) pt ot 


where /(Y) and C(Y) are undetermined functions. However, if assumption (5) 
is applied, these functions can be determined. 
The expenditure function is 


m = {pip} + Cp, pi —ap,Y 
and the compensated demand function for x is 


p= 


= 4f/pz' p+ Cp} —aY. 
Op, 3 


Swed. J. of Economics 1971 


364 The Economics of the Environment 
130 K.-G. Mdler 
The compensated demand for x is zero when 
pe Pe 
CEES Seep 


For p,>p, the expenditure function becomes 


ne ae eee 
M( Dz, D2» ) = m(Pz Pez )= 9¥ (@—pi G/¥) 


Pe Cc Lj? Pe 


ja) [eee eee a6 67,3 = grey 
4Y (a— piciyyy ? ~ 4Y(a—pitO]¥Y)” 2 


hI=5 
> 

ms 

Ne 
iS 
= 


If assumption (5) is true, then m(p,, p,, Y) with p, 2 pz, has to be independent 
of Y for all p,. This can only be true if 


f(Y)=AY* 
and 
C(Y)=BY 


This means that the expenditure function becomes 
m = AVp,p, ¥ + (BVp,—4)p.¥ 


The constants A and B can be determined from the initial conditions. If this 
is done, we find that 


bite I+,Y 
Vo.8,Y 

B=0 

and 


m = AVp,p, ¥ —ap; ¥ 


It can easily be proved that A is the indirect utility function. Then 


ees ane 
al Vp, De i 
0A 1 I 4 
Se a ee eS 
Pp. Vp,p,Yl27. 2 
aA 1 It ape 

= =i Ps | fe 
YP, Vo,p,Y12P. 29, 
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(where A is the Lagrange multiplier in (2)) can be used to solve for p;, p, and I 
in terms of 2, z, A and Y: 


zt Y-h(x+aY)-* 


~ | 


Ps = 


1 
p, = qe! Y-*(x+aY)} 


I= (22+ a¥) 24 ¥-Met a) 


By substituting these expressions back into A, the original utility function 
is obtained (if the demand functions are those of a single individual): 


u=2(x+aY)tziy-s. 


The utility function has thus been derived on the basis of the demand functions 
for private goods by only assuming (5). 

This example illustrates the technique of using assumption (5) to derive the 
expenditure function as a function of the public good Y. But the method fails 
if the differential equations (3) cannot be established. If the demand for = is a 
function of Y, then we have shown that (8) can be obtained by means of a 
routine calculation. The theorems on uniqueness of solutions to differential 
equations guarantee that the expenditure function ultimately derived is the 
correct one. But in the case where 2 is not a function of Y, (8) cannot be estab- 
lished and there is no possible way of deriving the expenditure function as & 
function of Y. But I will argue here that when the utility function is such 
that x does not depend on Y, assumption (5) is not likely to be realistic. 

First, let us investigate the conditions under which the demand for a com- 
modity does not depend on the amount of the public good. 

Differentiating the optimality conditions (2) with respect to Y yields 


or, oz aA 
Uy ay “aay Pray 


Ox Oz oA 
Ug) ay “ay P25¥ = — Ung 


— U3 


Ox Oz 
Pray” Peay ~ 
Let D be the determinant of coefficients in this equation system, Then the 
solutions for @z/@Y and @z/dY are 


0. 


Ox 
a ae Pap, Urg — Pr U3) 


eae —F (paths — p; Uses). 
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The condition for 07/0Y = é2/0¥Y = 0 is 
P2135 — Pz Ura = 0. 


Duo to (2) and because this is an identity, it can bo written as 


cs es 

Ujg Hag 

or 

ae “= a log u 
oY og 1 oY g 2 


which gives us 
log u, =log (B(x, z)t2) 


where B(z, z) is an arbitrary function of x and z. 
This equation is equivalent to 


Wei ( 252) Ua 0 


which is a partial differential equation of the first order, the characteristic 
of which is given by 


dz 


his ae Bez) 7 = 


0. 


If B is differentiable, this equation has a solution which is given by 
p(x, z)=C 


where C is an arbitrary integration constant. 
The general solution to the partial differential equation can now be written 


u=f(p(2, 2), Y) 
where p satisfies 


Oz 
ec TEER). 


1f assumption (1) is now applied we find that 
fx(p(0, z), Y)=0. 


Since this relation holds for all z, by differentiating with respect to z we find 
that 


for 92(0, z) =0. 
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fe, =0 is not a property which is invariant for monotone increasing transforma- 
tions, so (if we want to stick to an ordinal approach) 


72(0, z) =i 


or 
Q rs) 
5e lO 2 Y) a ay 02 Y) = 0. 


This relation shows that if consumption of x is zero, then the consumer is 
indifferent to how much of the composite commodity z he consumes. This is a 
very strong statement about a certain complementariness between x and z. 
The assumption that the demand for private goods does not depend on the 
supply of the public good combined with (1) therefore yields a conclusion which 
is not likely to be realistic. 

With respect to the type of analysis discussed here, cases where the demand 
for private goods does not depend on the supply of the public good can be 
disregarded with a high degree of confidence. 


References 

1, Karlin, 8.: Mathematical Methods and ics and Statistics XXXVI, no. 4, 
Theory in Games, Programming, and November, 1954. 
Economics, Vol. I. Addison-Wesley, 3. Stevens, J.: Recreation benefits from 
1959. water pollution control. Water Re- 

2. Samuelson, P.: The pure theory of sources Research, Vol. 2, Second 
public expenditure. Review of Hconom- Quarter, 1966. 


Swed. J. of Hoonomios 1971 


[21] 


THE DETERMINANTS OF RESIDENTIAL PROPERTY VALUES 
WITH SPECIAL REFERENCE TO AIR POLLUTION 


Ronald G. Ridker and John A. Henning * 


I Introduction 


N recent years there has been growing con- 

cern about the detrimental effects of air 
pollution. Evidence has been mounting that it 
can affect health, irritate the eyes, nose and 
throat, corrode metal and stone, discolor and 
dirty buildings outside and in, and in general 
make a neighborhood look shabby. There is 
also some evidence from questionnaires that 
people believe air pollution affects property 
values and that it sometimes figures in their 
calculations in planning to move.’ While it is 
reasonable to assume that many of these detri- 
mental effects are reflected in property values, 
reliable statistical evidence bearing on this hy- 
pothesis has been virtually non-existent. The 
main purpose of the research reported on in 
this paper has been to provide such evidence. 
This evidence consists of estimates of the effect 
of variations in air pollution levels on property 
values for single family dwelling units in an 
urban area and was obtained by applying least- 
squares regression methods to cross-sectional 
data from the St. Louis metropolitan area in 
1960. 

Since the focus of the study is on the estima- 
tion of the relevant regression coefficients rather 
than on the simple statistical explanation of 
variations in the dependent variable, the effects 
of multicollinearity (large non-zero correlations 
among the explanatory variables) cannot be 

* While numcrous persons gave advice and criticism on 
this paper, the authors are especially grateful to Dr. Hugh 
O. Nourse for his participation in the early phases of this 
study and to the referee for his comments on the penul- 
timate draft. This study was supported by the United 
States Public Health Service under Contract PH-86-65-17 
with partial payment for computer services by the National 
Science Foundation under Grant GP-1137. 

*Public Administration and Metropolitan Affairs Pro- 
gram, Southern Illinois University, “Public Awareness and 
Concern with Air Pollution in the St. Louis Metropolitan 
Area” (Edwardsville, Ill.: Southern Illinois University, 
1964) ; Walter S. Smith, Jean J. Schueneman, and Louis D. 
Zeidberg, “Public Reaction to Air Pollution in Nashville, 
Tennessee,” Journal of the Air Pollution Control Associa- 
tion, 14, No. 10 (Oct. 1964), 418-423; and Peter Rossi, 


Why Families Move (Glencoe, Ill.: The Free Press, 1955), 
82. 
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ignored by arguing that the explanatory power 
of the fitted equation as a whole is not affected 
by its presence. With respect to the air pollu- 
tion variable, the method of treating this prob- 
lem involves the development of several alter- 
native estimates of its effects, each based upon 
a different assumption concerning the indepen- 
dent contribution of pollution given other ex- 
planatory variables. These estimates have the 
property that they would be identical to the 
conventional ones if air pollution were com- 
pletely uncorrelated with the remaining explan- 
atory variables. 

A discussion of the regression model and 
variables used is presented in section II. In 
section III, the methods used to handle the 
multicollinearity problems encountered in this 
study are discussed. The desired estimates are 
presented in the remaining section. As a by- 
product, a number of interesting results are de- 
rived for the effects of other variables on 
property values. In particular, we find our- 
selves in a position to say something about dis- 
crimination in the housing market and the im- 
portance of several neighborhood effects in the 
St. Louis metropolitan area. 


Il The Model and Variables Used 


The form and content of this study are de- 
termined to a large extent by two considera- 
tions. First, the data available consist of a 
cross section of observations by census tracts 
within a single metropolitan area.? This leads 


*Time-series data are not available, and cross-sectional 
data among cities present serious difficulties because of dif- 
ferences in measurement procedures as well as differences 
in the effects of pollution when meteorological conditions 
and the pollution “mix” are not held constant (to say 
nothing of the additional problems that would be involved 
in explaining property values). 

Census tracts are used as.the units of observation pri- 
marily for convenience. However, quite apart from the 
fact that most of the data are available in these units, 
there are some advantages in utilizing averages by census 
tracts instead of individual observations, assuming the 
sample size to be the same in both cases. Errors in estimat- 
ing the value of individual houses tend to cancel out. 
Fewer explanatory variables, particularly those related to 
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to the utilization of explanatory variables that 
pertain primarily to the physical and neighbor- 
hood characteristics of the property. A given 
residential unit is assumed to consist of a 
“bundle” of attributes present in varying de- 
grees, each of which has an implicit market 
price (positive or negative), the market value 
of this unit being the sum of the values of these 
attributes.® 

Since we can expect to find a good deal of 
matching of housing and family characteristics 
(e.g., larger families living in larger houses), 
variables of either type could be used to pre- 
dict property values.‘ However, the market 
value of a given house is determined by the de- 
mand (for particular sets of attributes) of all 
potential buyers, not just the demand of its 
current occupants, and within a given market 
(assuming no discrimination) the determinants 
of this demand (aggregate income, the distri- 
bution of income, family size, etc.) are constant 
in cross-sectional data. If, therefore, we are 
interested in explaining differences in the values 
of properties available to the same set of pur- 
chasers, it should be done in terms of differ- 


the idiosyncracies of individual houses and their owners, 
need be considered, and the air pollution data available are 
more accurate when applied to neighborhoods than when 
applied to individual houses within a neighborhood. 

Since the census information is based upon owners’ ap- 
praisals, there is, of course, the danger that large response 
errors are present. According to one study, however, this 
is not the case for averages. The difference between the 
means of appraisers’ and owners’ estimates for 568 homes 
was only $350. See Leslie Kish and John B. Lansing, “Re- 
sponse Errors in Estimating the Value of Homes,” Amer- 
ican Statistical Association Journal, 49 (1954), 520-532. 
Furthermore, errors in differences between average property 
values in different tracts are likely to be even smaller. 

* This viewpoint may be contrasted with that of a study 
the purpose of which is to explain family housing expendi- 
~ tures with cross-sectional data. While the dependent vari- 
able may be the same, in this case the explanatory variables 
pertain to the characteristics of the owner-occupants of the 
property. This viewpoint may also be contrasted with that 
of a study using time-series data for a given house or 
group of houses. In this case determinants of market de- 
mand, which again mean mainly occupant characteristics, 
are the most important variables. 

“Indeed, we have found that parsimony and convenience 
argue in favor of relying on only two variables, median 
family income (an occupant characteristic) and median 
number of rooms (a property attribute). With our data, 
it takes a regression equation containing ten different 
variables pertaining to property characteristics, some of 
which were measured specifically for this study, to approx- 
imately equal the explanatory value of an equation with 
these two variables. 
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ences in the characteristics of the properties 
rather than in terms of differences in the char- 
acteristics of their owner-occupants. In the 
absence of adequate measures of property char- 
acteristics we may wish to utilize highly cor- 
related occupant characteristics, but it should 
be understood that the latter are being used as 
proxies for the missing variables, not as direct 
determinants of property values. Explicit men- 
tion is made of this fact because in at least one 
case, we use an occupant characteristic (family 
income) in this way. 

The situation is different, however, if the 
cross-sectional observations pertain to more 
than one market, for then the characteristics of 
the house as well as the characteristics of the 
potential purchasers may differ between census 
tracts. As a first approximation in some studies 
it may be sufficient to assume that the whole 
urban area comprises a single unified housing 
market, Particularly because the location of 
some submarkets in our case study tends to be 
associated with different levels of air pollution, 
we prefer to introduce some explicit recogni- 
tion of the presence of these submarkets. 

The second consideration that has signifi- 
cantly influenced this study has been our a 
priori expectation that the impact of air pollu- 
tion on property value (as judged in terms of 
the partial correlation coefficients or the stand- 
ardized beta weights) is likely to be small rela- 
tive to that of other variables, This belief has 
led us, in most runs, to restrict the sample of 
observations to census tracts in which single 
family housing units as a percentage of total 
housing units is at least 60 per cent and the 
population density is at least one person per 
acre. These restrictions, which reduced the 
sample size from a total of 304 to 167°, were 
introduced as constituting the only method 
available of separating predominantly rural, 
commercial, and industrial tracts from predom- 
inantly urban residential areas. By concen- 
trating on the latter, considerable homogeneity 
with respect to market influences on single 
family housing units is obtained, while little is 
lost with respect to variations in the air pollu- 

5 Actually, the 1960 census for St. Louis divides the 
area into 345 tracts, but data for median property values 
were not available for 17 tracts, and reasonable interpola- 


tion of air pollution data could not be made for an addi- 
tional 24 of these tracts. 
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tion levels experienced.® For the purposes of 
comparison, one run using all census tracts has 
been included in the summary table of final 
results presented below.’ 

This belief has also led to the inclusion of a 
wider variety and number of variables than is 
generally included in property. value studies. 
A useful rule of thumb is to include all variables 
that are likely to be at least as important as 
the variable of primary interest. It is then 
reasonably likely that the primary variable 
will not prove to be significant only because it 
happened to be correlated with some more im- 
portant variable that was left out of the 
analysis. 

On the basis of these considerations, data on 
the variables described below were gathered 
and tried in various runs. The variables have 
been roughly grouped into categories according 
to our judgment about the role they play in 
explaining property values, and hypotheses 
concerning the likely form of their relationship 
with the dependent variable are presented. A 
detailed description of the variables with 
sources and methods of measurement can be 
found in the appendix. 


Air Pollution 


To date there is no commonly accepted index 
for the general phenomenon called air pollu- 
tion. In consultation with air pollution experts 
familiar with the St. Louis data, two measures 
of pollution were chosen for trial in this study. 
In both cases the annual geometric mean was 
used as the measure of central tendency. The 


*In particular, the elimination of predominantly indus- 
trial tracts has the advantage of reducing the correlation 
between air pollution and other social ‘“‘disamenitics” asso- 
ciated with proximity to industry. It is less likely, there- 
fore, that the pollution variable is picking up the effects 
of industrial noise, congestion, and eyesores. Furthermore, 
the elimination of tracts with a predominance of multi- 
family dwelling units makes variables such as median num- 
ber of rooms per unit, which unfortunately is available only 
for all dwelling units, more representative of the true fig- 
ures for single family units than they otherwise would be. 

7A comparison of runs containing the same variables 
for the total and the restricted sample tend to bear out 
these contentions, For the total sample, the multiple R? as 
well as the F values for many regression coefficients were 
considerably lower, in spite of the larger sample size. 
While some coefficients were substantially different, cur- 
iously, that for SUL, the air pollution variable, was quite 
similar to those found for the restricted sample. Compare 
equation (5) with others, especially (1) and (2), given in 
table 1. 
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first, a measure of sulfation levels which for 
convenience is given the symbol SUL, is an 
index indicating the presence of SO2, SO;, H.S, 
H,SO, and in some instances dustfall.* SO, 
can damage freshly applied paint, making it 
dry more slowly, making it more permeable to 
water, and over its life-time causing it to flake 
off more rapidly. H.S can also damage and dis- 
color paints, and along with H,SO,, result in 
metal and stone corrosion. These compounds 
can also irritate the eyes, nose, and throat and 
cause damage to vegetation. The second mea- 
sure of pollution tried is a measure of suspend- 
ed particulates gathered by high-volume air 
samplers. In the absence of a sufficient number 
of sampling stations to permit use of dustfall 
measurements, hi-vol was used as an indicator 
of soiling. However, it is not by itself well 
suited for this purpose, since the particles it 
measures are sufficiently small that they are as 
likely to be blown off surfaces as to stick and 
cause damage. 

After a number of trials utilizing both in- 
dexes, the second, hi-vol, was finally dropped. 
Statistically, it gave unsatisfactory results, the 
partial regression coefficients attaching it to 
property value generally being positive. It was 
not measured as accurately as sulfation, sam- 
ples being collected from only 16 stations as 
compared to 41 for sulfation.* Furthermore, 
since a reasonably high correlation was found 
between the few measurements of dustfall 
available and sulfation, hi-vol proved to be less 
necessary as an index of soiling. 

While air pollution is generally assumed to 
be negatively related to property values (other 
things being equal) there are no commonly 
accepted hypotheses about any more specific 
form that this relationship might take. 


Characteristics Specific to the Property 


As indicators of characteristics of the prop- 
erty itself, median number of rooms (MNR), 
percentage recently built (PRB), and houses 


*Coal burning is the principle source of both dustfall 
and sulfation in the St. Louis area. The simple correlation 
coefficient between the two is .54. 

° Measurements at specific stations are equally accurate, 
but they were used to obtain isopleth maps from which 
values for each census tract were obtained. Interpolation 
by this method from only 16 census tracts can result in 
very inaccurate estimates. 
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per mile (HPM) were utilized. MNR is as- 
sumed to be a proxy for house size and HPM 
for lot size.1° Originally percentage substand- 
ard (PSS) was included, but the restrictions 
on the sample eliminated most of the tracts 
with high values for this variable and it was 
dropped from final runs. PRB, which is in- 
cluded as a general index of quality, probably 
picks up a good part of the influence of factors 
affecting PSS in any case. MNR and PRB 
should be positively related and HPM should 
be negatively related to median property values 
(MPV). 


Location Characteristics 


Four variables reflecting different aspects of 
locational advantages and disadvantages of the 
property were tried in early runs. The first is 
based upon a division of the metropolitan area 
into time zones (TIZ) depending upon express 
bus travel time during rush hour to the central 
business district. The other three are dummy 
variables reflecting accessability to highways 
and major thoroughfares (HWA), shopping 
area accessability (SAA) and industrial area 
accessability (IAA). Assuming that the cen- 
tral business district sufficiently dominates 
other transportation focal points, or that the 
dummy variables appropriately control for 
proximity to these points, 77Z should be nega- 
tively related to MPV throughout its whole 
range. The coefficients for the dummy vari- 
ables should be positive. 


Neighborhood Characteristics 


Of the many neighborhood characteristics 
that may affect property values in addition to 
air pollution, we have been able to obtain data 
on school quality (SCH), crime rates (CRR), 
persons per unit (PPU), and occupation ratio 
(OCR). School quality is measured using 
dummy variables indicating residents’ attitudes 
about quality. While data were collected on 
’ three categories for SCH, a dichotomous vari- 
able with above average in one category and 
average and below average in the other should 


10 HPM serves as a proxy for lot size only in the re- 
stricted sample where rural, commercial and industrial 
tracts, with small values for HPA that do not necessarily 
reflect lot size, have been left out. 
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be sufficient since it is unlikely that finer dis- 
tinctions are made by most people." 

Ideally, we should like to have information 
on attitudes about school quality and crime 
rates, although objective measurements may 
have to be used as proxies in the absence of 
information about them. It should be clear 
without elaboration that subjective evaluations 
more directly determine property values, but 
in addition, the influence of more objective 
measures is likely to be offset by associated 
financial changes, especially where residential 
property owners rather than businesses pay the 
bulk of the taxes. The effect on property values 
of increases in teachers’ salaries or teacher stu- 
dent ratios —even if they do reflect actual 
quality — is likely to be offset by higher taxes 
(or lower quality of other services in order to 
finance better schools). Lower crime rates, 
which mean lower insurance rates, may also 
mean higher local taxes to support a more 
effective police force. While it proved possible 
to arrive at a simple consensus among knowl- 
edgeable persons about general attitudes to- 
wards school quality in different parts of the 
metropolitan area, it was unfortunately not pos- 
sible to do so with crime rates. 

Since we are controlling for houses per 
square mile, persons per unit (PPU) measures 
population density in residential areas. It is 
likely to be a better measure of this attribute 
than population per square mile because the 
measure of area includes some non-residential 
areas (despite our attempts to control for this 
by restrictions on the sample). Higher values 
of PPU are likely to be associated with larger 
numbers of children in the neighborhood, and 
consequently more wear and tear on property, 
more noise, nuisance (so far as others’ children 
are concerned), possibly higher school taxes, 
and so on. However, this variable could also 
be considered another indication of the quality 
of the house itself, at least insofar as more 
persons per house generally means more depre- 
ciation on houses of the same age.’* 


This assumption corresponds with the real estate 
salesman’s behavior in pointing out the good qualities, ig- 
noring the mediocre and denying the existence of bad 
neighborhood characteristics, in talking to potential buyers, 

%4Tn a study of family housing expenditures this variable 
would be interpreted as an occupant characteristic reflect- 
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Occupation ratio (OCR) is one of the com- 
ponents of the Shevsky-Bell social area index.” 
It indicated the ratio of craftsmen, foremen, 
operatives and laborers to total numbers of 
employed persons. It is included as a measure 
of the homogeneity of a neighborhood, the 
underlying assumption being that, in general, 
people prefer to live in neighborhoods that are 
homogeneous with respect to broad occupation- 
al and social classes. Since high and low values 
for this variable would reflect such homoge- 
neity, we expect to find property values higher 
for extreme than for intermediate values. 


Taxes and Public Services 

Taxes and the level and quality of public 
services provided by them are also likely to be 
capitalized in the value of the property. While 
an adequate introduction of these character- 
istics would require a special study lying be- 
yond the scope of this research project, the 
most important differences between census 
tracts in these regards can easily be incorpo- 
rated by including a dummy variable (JLL) 
indicating whether a census tract is in Illinois 
(one) or in Missouri (zero). This variable will 
certainly pick up the effect of differences in 
property taxes between the two states. Since 
these taxes are higher in Illinois than in Mis- 
souri, other things remaining equal, property 
values should be higher west of the Missis- 
sippi. However, this variable may also pick up 
the effects of other unknown differences be- 
tween census tracts in the two states that are 
not accounted for by the other variables uti- 
lized in this study. Unfortunately, it also may 
pick up the effect of SUL and for this reason, 
as explained in the next section, is given special 
Statistical treatment. 


Submarket Variables 


Of the various submarkets into which the 
housing market of the St. Louis area can be 
divided, the most important for our purposes 
is the non-white housing market. Since the 
dividing line between the white and non-white 
submarkets is not sharp, a dummy variable 


ing family size, but it is not legitimate to do so here for 
reasons given earlier, 

™E, Shevsky and W. Bell, Social Arca Analysis (Stan- 
ford: Stanford University Press, 1955). 
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cannot be used to make this distinction.” 
Instead, a continuous variable representing per- 
centage non-white residents in a census tract 
(PNW) is utilized. 

Previous studies have suggested that this 
variable has a significant impact on property 
values, but that the nature of the relationship 
varies from city to city and sometimes within 
cities, depending upon demand for ard supply 
of houses for non-whites as compared with that 
for whites, the duration of time that a partic- 
ular value of PNW has prevailed, and what is 
happening in adjacent neighborhoods." With- 
out additional information on each of these 
factors no a priori judgments about the form 
of the relationship of PNW with property val- 
ues can be made. 

A question can be raised as to why occupa- 
tion ratio and percentage non-white are given 
separate treatments and different interpreta- 
tions. Should not the former be treated as a 
submarket variable or the latter as a neighbor- 
hood characteristic? The distinction is justified 
because of the possibility of discrimination 
against non-whites. It is this possibility which 
generally takes the form of a prohibition against 
non-whites entering certain neighborhoods ex- 
cept at exorbitant prices, rather than merely a 
preference for living near members of one’s 
own class or race, that makes it possible for 
demand and supply conditions to differ in dif- 
ferent parts of the city. 

This point can be emphasized by consider- 
ing two groups, A and B, living side by side 
within a given urban boundary, both of which 
prefer to live with their own kind. If popula- 
tion in group A expands, additional housing for 
its members must be obtained by bidding 
houses away from members of group B, there- 
by raising the average price level. Other things 
remaining constant, if the perimeter of group A 
can expand in this way at will, there is no 


**Tt is not sharp in our data since we are using census 
tracts as units of observation, thé boundaries of which 
seldom coincide with the boundaries of these two markets. 
It is also our impression that in the St. Louis area the 
dividing line between such markets is in fact sometimes 
fuzzy. 

* See Luigi Laurenti, Property Values and Race (Berke- 
ley: University’ of California Press, 1960), 47-65; and 
Chester Rapkin and William G. Grigsby, The Demand for 
Housing in Racially Mixed Areas (Berkeley: University of 
California Press, 1960), 88-105. 
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reason why the price of houses in A and B 
should differ. It is only when the perimeter 
of group A cannot expand —or can only do so 
at discriminatory prices—that the average 
price in A will increase relative to that in B. 


Median Family Income (MF1) 


This last variable must be given special 
treatment, for it does not fit into any one of the 
groups of variables specified above. As indi- 
cated, within one market, owner-occupant 
characteristics have no place in our model, ex- 
cept as proxies for property characteristics 
that could not be measured. The fact that in- 
come is highly correlated with some of the 
variables that have been included, leads us to 
believe it is also likely to be so correlated with 
many of the housing and neighborhood charac- 
teristics we have been unable to measure. 
However, this fact also leads us to prefer a 
“residulized” version of this variable (RMFT) 
that has been made orthogonal to the highly 
correlated variables included in our analysis. 
The procedure for obtaining this new variable 
is described below. It should be interpreted as 
a proxy for the housing and neighborhood 
characteristics that have not been included in 
this study. 


III Adjustments for Multicollinearity 


Because our principal goal is the estimation 
of specific regression coefficients (and their as- 
sociated standard errors), it is necessary to 
assess and, if necessary, to make adjustments 
for, the effects of intercorrelation among the in- 
dependent variables. In general, if the model has 
been properly specified, least squares estimates 
will be unbiased regardless of the extent of 
multicollinearity. If, however, a variable that 
a priori judgment suggests should be included 
in the analysis is omitted, the regression coeffi- 
cients for the remaining variables with which it 
is correlated will be biased. This fact is well 
known, It is not so commonly recognized that 
biased estimates will also be obtained if a vari- 
able that a priori judgment suggested should 
be excluded is for some reason incorrectly in- 
cluded in the regression analysis. The extent 
of such biases due to incorrect specification of 
the model depends upon the degree of correla- 
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tion between the variable incorrectly excluded 
or included and the variables whose coefficients 
are critical to the analysis. 

There are no cut and dried methods for de- 
tecting and treating the problem of multicol- 
linearity.‘* Our procedures involved stepwise 
regressions to observe the effect on regression 
coefficients when new variables are included 
and, following a suggestion of Ferrar and 
Glauber, correlations of each independent vari- 
able against all others to observe the magni- 
tudes of their multiple and partial correlation 
coefficients. From these observations, plus a 
consideration of the effects that changes in 
model specification could have on coefficients 
of principal interest, a number of areas were 
selected for special treatment. Such treatment 
must involve the injection of additional infor- 
mation, whether it be of an empirical or an 
a priori nature. In the absence of an addi- 
tional sample of data in which such multicol- 
linearity is negligible, the approach adopted 
here is to present alternative estimates of the 
coefficients of primary interest, each of which 
is based on a different assumption concerning 
the extent to which several possible explan- 
atory variables should be included in the regres- 
sion analysis. In doing so, we exploit two 
properties of least squares estimation methods: 
first, that calculated residuals from a least 
squares regression equation are orthogonal to 
the explanatory variables of that equation, and 
second, that the inclusion of a regressor that is 
orthogonal to previously included regressors 
will not bias their estimated coefficients.’” 

With respect to air pollution, a first estimate 
of its effect on property values is provided by 
equation (1). This estimate is a conventional 
one in the sense that no adjustments have been 
made for multicollinearity. 

The second estimate results from a special 
treatment of the variable JLL, This dummy 
variable really reflects a number of differences 
between census tracts in Illinois and Missouri, 


°See J. Johnston, Econometric Methods (New York; 
McGraw-Hill, 1963), 207; A. S. Goldberger, Econometric 
Theory (New York: John Wiley, 1964), 192-193; and D. 
E. Farrar and R. R. Glauber, “Multicollinearity in Regres- 
sion Analysis: The Problem Revisited,” this Review, XLIX 
(Feb. 1967), 92. 

7 These and other properties of the methods used in this 
section are derived by —or easily derivable from—A. S. 
Goldberger, op. cit., 194-197. 
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all of which should be included in our model, 
but at least one of which is already explicitly 
included. Since prevailing winds are from the 
west and northwest and most of the industry 
responsible for pollution is located along the 
Mississippi River, it is reasonable to assume 
that one such variable already included in the 
regression model is SUL. The partial correla- 
tion coefficient between JLL and SUL tends to 
support this contention. Its value is 0.35, the 
second largest observed between LL and the 
explanatory variables.1* To the extent that 
ILL does measure differences in air pollution, 
it is improper to include it since SUL is already 
present among the regressors. To leave it out 
would lead to an improper exclusion of other 
factors such as different tax rates that could 
explain differences in property values between 
the two states, as well as to biased estimates for 
the coefficients of other regressors. 

A reasonable resolution of this problem is to 
replace LL with another variable, R/LL, that 
is orthogonal to SUL, but not to the other re- 
gressors. This new variable is obtained by sub- 
tracting from the actual values of JLL the 
computed values obtained from an auxiliary 
regression of JL against SUL. RILL, in 
other words, is actual JZL “corrected for” 
SUL. The observations on RILL are, of 
course, simply the residuals from this auxiliary 
regression, and the adjustment may therefore 
be referred to as “residualization.” The effect 
of this adjustment is to attribute to SUL what- 
ever covariation exists between it and /LL. 
The coefficient of SUL is the same as it would 
have been had /LL not been included. The co- 
efficients of all other variables, including that 
for RILL, are unaffected by this procedure. 
Equation (2) presents this estimate of the ef- 
fect of SUL on MPV, 

A third estimate of the effect of variations 
in the level of SUL is obtained by regressing 
“residualized” median property value (RMPV) 
against SUL. Observations on the variable 
RMPYV are the residuals from an auxiliary re- 
gression of MPV on all the explanatory vari- 

The largest is that between ILL and HWA. Given 
the definition of HWA (sce the appendix) there is no a 
priori reason for believing these variables are misspecified. 
For this reason as well as because HWA is not of major 


concern to us, no adjustment is made for this particular 
manifestation of multicollinearity, 
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ables other than SUL. The effect of this pro- 
cedure is to attribute to the other regressors 
all the covariation between them and SUL. 
Accordingly, this estimate is the most conser- 
vative point estimate of the coefficient of the air 
pollution variable obtainable by these methods. 

A fourth and final estimate has been ob- 
tained by first regressing MPV against all the 
independent variables for that subset of tracts 
for which SUL is constant at the lowest mea- 
sured level. The coefficients so obtained were 
applied to the remaining tracts to obtain an 
estimate of what MPV would be in each of 
these tracts in the absence of air pollution. 
The difference between actual MPV and this 
conditional “prediction” of 14PV was then ex- 
plained by SUL in a regression of these differ- 
ences on SUL."° 

These are the most interesting of the alter- 
native estimates of the effect of air pollution 
that were obtained.2? Among them, we prefer 


"This method is analogous to that employed in the 
construction of a Laspeyre’s price index, the numerator of 
which indicates the present cost of the base period market 
basket of goods. Our analogs of the base period quantity 
weights are the regression coefficients for the base air pol- 
lution zone. Just as current quantities purchased are 
irrelevant to the interpretation of such a price index, so 
are the regression coefficients that actually apply in the 
moderate-to-high air pollution zones, Just as a Laspeyre’s 
index would exactly agree with a Paasche price index if 
current and base period quantities were exactly the same, 
so would the results yielded by the method presently under 
discussion agree exactly with those obtained by taking the 
high pollution zone as the base if regression coefficients for 
all air pollution zones were exactly the same. Furthermore, 
this latter result would be identical to that obtained by 
the third method described above. Compare with Z. 
Griliches, “Hedonic price indexes for automobiles: An 
econometric analysis of quality change,” U. S. Congress, 
Joint Economic Committee, Government Price Statistics, 
Hearings, January 24, 1961 (Washington: U. S. Govern- 
ment Printing Office, 1961). 

A variation of this method would involve establishing a 
regression equation for MPV (against all variables other 
than SUL) for each different air pollution zone, weighting 
the coefficients together, and utilizing the weighted coeffi- 
cients to obtain RMPV to be regressed against SUL. If 

’ m 


weights used for this purpose are 3 xt/3x? where the de- 
, 1 


nominator sum is taken over all observations and the 
numerator sum is taken over all observations for a given 
value of SUL, then it can be shown that the result is iden- 
tical to that obtained from the conventional regression used 
in obtaining RMPY, as in equation (3). 

® Still another estimate can be obtained by taking a 
simple regression between MPV and SUL. It can be shown 
that this represents an application extreme to that used for 
the second estimation above. It is equivalent to “residual- 
izing” each independent variable against SUL, implying 
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the second one, namely —$245 per unit of SUL 
per household. This preference is based on the 
fact that the form of the regression equation in 
which this estimate appears accords most 
closely with the a priori model we have in mind. 
The fact that the first and fourth estimates are 
not too different from this result leads us to 
have more confidence in it. The third estimate, 
which has been deliberately made conservative, 
can be used as something of a lower bound for 
a range of reasonable point estimates. 

A second area in which model specification 
is difficult because of multicollinearity pertains 
to the use of median family income in the re- 
gression equations. As in the case of /LL, it 
is useful to introduce this variable as a proxy 
for those neighborhood and property character- 
istics that could not be measured. But MFI is 
highly correlated with a number of variables 
explicitly included, with the consequence that 
estimates of their coefficients are biased by its 
inclusion. Two different treatments of this vari- 
able are presented, one in which income is 
included in conventional form, and a second 
in which it is “residualized” against MNR, 
HPM, and OCR, the variables whose coeffi- 
cients are most likely to portray such a bias. 
In this latter form, it serves as a proxy only for 
those characteristics not explicitly included in 
the equation. The coefficient of air pollution is 
not affected by the inclusion of RMFI in place 
of MFI.”* 

The problem of multicollinearity also ap- 
peared when quadratic functions were fitted to 
allow for the possibility of curvilinear or para- 
bolic relationships between MPV and a num- 
ber of the independent variables. Simple cor- 
relations between a variable and its square 
were generally quite high, at times approach- 
ing unity. In order to fit such a function and 
at the same time avoid the possible misleading 
implications of large standard errors for the 
“true” significance of the variable, the form of 


that their presence in the equation will bias the coefficient 
of SUL unless such an adjustment is made. The value ob- 
tained for this coefficient of SUL is —$1,716. This estimate 
can be interpreted as the impact on median property values 
of a unit increase in SUL on the assumption that all ob- 
served covariation between SUL and the other explanatory 
variables reflects the effects of air pollution. Since there 
are no a priori grounds for believing that this assumption is 
correct, this estimate is not defensible. 


the parabola was first obtained in the usual 
way with the variable and its square as sep- 
arate independent variables. The variable was 
then transformed to conform to this shape and 
employed as a single independent variable.*? 
This transformation is of the form (x — a)?, 
where a is the minimum point of the parabola 
obtained earlier. The statistical significance 
(or lack thereof) of the variable in question 
was judged by the standard error of the regres- 
sion coefficient of this transformed variable. 


IV Conclusions 


Table 1 presents the most interesting equa- 
tions derived in this study. Equation (2), 
which incorporated JLL and MFI in residual- 
ized form, is best in our judgment in that it 
most closely accords with our a priori beliefs. 
The other equations are presented for compar- 
ative purposes, the first being a conventional 
form of the second, the third providing the 
most conservative estimate of the effects of air 
pollution, the fourth representing a different 
method of adjusting for multicollinearity from 
that used in equation (2), and the last being 
based on all census tracts for which data were 
available. 

The air pollution variable, SUL, turns out to 
be a relatively significant variable in explain- 
ing residential property values. Using equa- 
tion (2) and judging in terms of the beta co- 
efficients, it is almost as important as HWA 
and more important than RILL, TIZ, and 

“Tt could be argued that MFI should be “residualized” 
against all property and neighborhood characteristics, in- 
cluding SUL, whether the covariance between them is high 
or not, since the presence of favorable characteristics 
“cause” families with higher incomes to move in, rather 
than the other way around, Since this treatment is virtually 
the same as leaving income out altogether, with the conse- 
quence that it could not serve as a proxy for anything, we 
do not favor this approach. It may, however, be of interest 
to note that the effect of omitting MFI on the regression 
coefficient of SUL is to lower it to —$259, with a standard 


error of $109, 


“This transformation is accomplished by completing 
2 } 


b : ; 
the square: Adding re As 0) to the right side of 
c c 
Y =a+6X-+cX®* and rearranging terms yields Y =a 
= b 
-i+ (x bea e It is clear that the coefficient of this 
c (e 


transformed variable is simply the coefficlent of X* in the 
original quadratic equation, and that the function attains a 


6 


maximum or minimum value when X = —- ope 
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TABLE 1.— ALTERNATIVE ESTIMATION EQUATIONS FOR MEDIAN PROPERTY VALUES OF 
a 
1960 Census TRACTS FOR THE St. Louris METROPOLITAN AREA 
ee ee ee ee Ee ee 


Equation Number (1) (2) 
Sample Size 167 167 
Dependent 

Variable MPV “MPV 
Constant — 1469. — 2800. 

SUL —186.5 (91.9) —245,0 (88.1) 
MNR 284.1 (46.1) 488.5 (41.1) 
PRB 50.07 (7.02) 48.36 (7.20) 
(HPM — 2.42)? 64.97 (21.57) 116.6 (20.4) 
(TIZ — 3.82)? 337.1 (136.1) 320.2 (138.7) 
HWA 920.0 (273) 922.5 (278.9) 
SCH1 —1468. (808) 398.2 (302.2) 
SCH2 —1923. (774) 

(OCR — 0.64)? 9847. (2889) 16940. (2840.) 
PPU —3385. (542) —3210. (548.7) 
(PNW -+- 14)* 1276 (.0655) -1961 (.0623) 
Mii —736.3 (361.4) 

RILL —819.8 (369.1) 
MFI .9330 (.104) 

RMFI 9374 (.1057) 
R’ 939 937 


(3) (4) (5) 
167 93 304 


RSMPV MPV 
734.6 1384 

—248.1 (93.3) —280.4 (92.9) 
349.7 (33.9) 

43.85 (7.26) 

38.39 (6.71) 

112.4 (84.4) 
73.98 (274.6) 

—1151. (531) 

—1254 (504) 

32660. (2520) 

—2013 (430) 
.0271 (.0598) 


RMPV 
242.7 
—82.97 (59.65) 


—1786. (368) 


8512 (.121) 
012 072 870 


* The variable names and their sources are given in the appendix. 


The standard error of each partial regression coefficient is given in parentheses after the coefficient. 


RILL = ILL — JILL where ILL = —0.1507 + 0.1396 SUL. 
RMFI = MFI — MFI where MFI = —4396. + 226.7 MNR 


3046 (HPM — 2.42)3 + 6.749 (OCR — 0.64)3. 


RSMPV = MPV — SMPV where SMPV = 9428. + 398.8 MNR + 64.60 PRB — 432.8 HPM + 103.0 (11PM)* — 4163.3 TIZ + 484.8 
(T1Z)® + 67.45 PNW — 0.5957 (PNW)? — 14598. OCR + 13534. (OCR)* + 890.1 HWA — 3308. PPU — 75.32 ILL + .7611 MFI, R* = 


.930, using tracts with the lowest values for SUL. 


RMPV = MPV — MPV where MPV = 444.3 + 286.4 MNR + 49.29 PRB + 66.42 


(HPM — 2.42)2 +4 328.0 (TIZ — shige es 0.0908 


(PNW + 14)3 +4 1004. (SCH — .69)? + 11130. (OCR — 0.64) + 854.5 HWA — 1010, ILL — 3234. PPU + 0.9286 MFI, R? = .937. 
R? is the coefficient of multiple determination for equations (1), (2) and (5), and the coefficient of partial determination linking SUL to 


(residualized) property values for equations (3) and (4). 


The constants for variables of the form (x — a)* were obtained from the coefficients of three variables in standard quadratic form using the 


restricted sample, 


SCH. Judging in terms of the coefficients of 
partial correlation, it explains 1.2 per cent of 
the variance in MPV. A linear fit appears to 
be best, and a value for the partial regression 
coefficient of —$245 per sulfation zone, which 
is significantly different from zero at the 0.3 
per cent level, is reasonably well supported by 
the alternative estimates for this coefficient 
presented in table 1. 

This information can be interpreted as mean- 
ing that if the sulfation levels to which any 
single-family dwelling unit is exposed were to 
drop by 0.25 mg./100cm?/day, the value of 
that property could be expected to rise by at 
least $83 and more likely closer to $245.78 
Using the latter figure and assuming the sulfa- 
tion levels are reduced by 0.25 mg. but in no 
case below 0.49 mg. (taken as the background 

* A 0.25 mg. change in sulfation can be compared with 
a mean of 0.85, a range of approximately 0.35 to 2.75 with 
a standard deviation of about 0.45 (all in mg, of SO;/100 
cm” per day) for observations in our sample. A reduction 


of this magnitude is probably quite feasible at the upper 
end of the scale but currently unfeasible at the lower end. 


level) the total increase in property values for 
the St. Louis standard metropolitan statistical 
area could be as much as $82,790,000." In- 
vested at ten per cent, this sum amounts to a 
gain of over $8 million annuaily. If our model 
of the housing market is reasonably correct, 
householders should be willing to pay at least 
this amount for the specified reduction in pol- 
lution levels, 

Currently available data do not permit a 
careful comparison between these benefits and 
the costs of bringing about such a reduction. 
A crude assessment suggests that a shift to low 
sulfur fuels would cut sulfation levels roughly 
in half and would cost $10 to $15 million per 
year.”> This is a larger cut than envisioned in 
the above estimates, but extrapolating to this 


* Assuming land use, Jot size and other prices do not 
change. This is probably a reasonable assumption for the 
specified reduction in pollution levels. 

* Conversation with Dr. Bernard Steigerwald, Robert 
A. Taft Sanitary Engineering Center, Cincinnati. Other 
methods such as stack cleaning processes might prove to be 
more economical. 


The Economics of the Environment 377 
PROPERTY VALUES — AIR POLLUTION 255 


level would bring the annual benefit figure up 
to perhaps $15 million. However, three other 
considerations must be borne in mind. First, 
property values other than those for single 
family dwelling units would also rise, adding 
substantially to the above benefit estimate. 
Second, other benefits besides the increase in 
property values would also be derived from 
such a reduction.** Third, to bring about these 
property value and other benefits, it is prob- 
ably necessary to reduce the levels of other 
pollutants (especially particulates) that are 
correlated with SO, levels, and this would sub- 
stantially raise the cost estimates. Consider- 
able work remains before an adequate com- 
parison between the benefits and costs can be 
accomplished. 

Characteristics specific to the property 
(NR, PRB, and HPM) all turned out to be 
important explanatory variables. The sign and 
magnitudes of their coefficients are as ex- 
pected.*7 

Of the four location characteristics tried, 
only T/Z and HWA are significant. This is a 
reasonable finding indicating that access to 
major thoroughfares is a more important loca- 
tional characteristic than is contiguity to any 
one shopping or industrial concentration other 
than downtown St. Louis, the latter still ap- 
pearing to dominate as an intraurban travel 
focal point.?® The coefficients attached to T/Z, 
however, are not quite as expected. They indi- 
cate that MPY falls as travel time to the cen- 
tral business district increases up to about 28 
minutes (a value of T/Z of 3.8 and — con- 
trary to original expectations — increases 
thereafter. This finding can be explained in 
two ways. First T7Z may be picking up desir- 
able property characteristics associated with 
suburbia, such as the presence of a view, that 
have not otherwise been accounted for (the di- 
viding line between urban and suburban resi- 


* On this question, as well as on the question of what 
is being discounted in property values, see R, Ridker, 
Economic Costs of Air Pollution Damage, Studies in Mea- 
surement (New York: Frederick A. Praeger, 1967. 

27 Given the form in which HPM has entered into 
the equations and the fact that it is measured in thousands, 
a positive coefficient implies that 7PM is negatively related 
to MPV up to 2,420 houses per square mile. 

28 Of course, it is also possible that the wrong secondary 
focal points were included in the dummy variables, or that 
they were included in the wrong way. 


dential areas for many parts of St. Louis occurs 
at between 25 and 30 minutes bus time from 
downtown), Second, shopping areas and light 
industry tend to form a diffuse band around 
the city. T7Z may also be picking up the effect 
of being close to this band, an effect that is not 
picked up by SAA and JAA which identified 
only a small number of specific transportation 
focal points. 

The neighborhood characteristics yielded 
mixed results. As predicted, OCR proved to 
be best estimated as a U-shaped function and 
PPU as a negative function of MPV. CRR, 
however, proved to be insignificant no matter 
what standard form was tried. The best ex- 
planation is probably that, as indicated at the 
outset, it was incorrectly measured in terms of 
its actual value instead of in terms of attitudes 
about it. 

No such simple rationalization can explain 
the results obtained for school quality, how- 
ever. In equation (2), school quality is repre- 
sented as a dummy variable assigning a value 
of one for tracts lying in school districts be- 
lieved to be of above average quality and a 
value of zero for all others. While the coeffi- 
cient is of the right sign it is small and not 
significantly different from zero at conventional 
levels. Because we have no explanation for 
this result and continue to believe that in fact 
this variable is a significant one, it has been 
retained.*” 

Additional light is thrown on this variable 
by presenting the same information in a some- 
what different way, as is done in equations (1) 
and (5). There, SCH1 is a dummy variable 
for which a value of one represents the pres- 
ence of above-average school quality and SCH2 
is a second dummy variable indicating the pres- 
ence of average school quality (if both vari- 
ables have zero values, below average school 
quality is indicated). While both variables are 
reasonably significant, this formulation leads 
to the curious result that property values are 
higher where school quality is above average 
than where it is average, but that they are 
higher yet where school quality is below aver- 


“Yt was inadvertently dropped from the equation used 
to obtain RSMPV. However, especially in the particular 
sample used in that calculation, its inclusion could not have 
made any dilference. 
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age. In the restricted sample, only seven tracts 
are in poor school districts, so that only a few 
errors in measurement were necessary to lead 
to this result. However, it is interesting to 
speculate on the possibility that this variable 
reflects aspects of discrimination only partially 
accounted for by the variable PNW. This 
would be the case if there are a large number 
of persons (relative to the supply of houses in 
poor school districts) who cannot find housing 
outside the poor school districts. Support is 
lent to this hypothesis by observing that the 
coefficient attached to PNW falls from 0.196 
in equation (2) to 0.128 in equation (1), while 
the only difference between these equations so 
far as this variable is concerned is the different 
way that SCH has been included. 

The remaining variables yielded the expected 
results and are all significant. Of them, the 
most interesting is PNW which, given its co- 
efficients, is positively related to MPV over its 
relevant range.*° Using the coefficients of equa- 
tion (2), MPV rises by about $780 as PNW 
increases from zero to 50 per cent and by an- 
other $1,775 as PNW increases to 100 per cent. 
Since both income and property characteristics 
have been held constant, this result clearly sug- 

Since the minimum point of the parabola occurs at 


—14 per cent, only its positive tail starting at zero has 
relevance. 
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gests the presence of discrimination against 
non-whites in the St. Louis housing market. 
The fact that the coefficients for equation (5) 
are much smaller suggests that the discrimina- 
tion against non-whites occurs mainly in pre- 
dominantly residential tracts, that if they wish 
to live in predominantly commercial or indus- 
trial areas they can do so at less discriminatory 
prices." The difference in the coefficients be- 
tween equations (1) and (2) may be explained 
by the difference in the treatment of school 
quality, as explained above. 

On the whole, therefore, the hypotheses un- 
derlying this study test out surprisingly well. 
The most important results are statistically 
significant and all are fairly reasonable within 
the context of the St. Louis metropolitan area. 
Especially important for this study is the fact 
that an estimate for the effect of air pollution 
on residential property values has been ob- 
tained that can be used with some confidence. 
However, these results cannot be generalized 
to other cities or times. Not only may the 
estimated values of the coefficients change, but 
different variables and functional forms for 
them may be necessary to provide similar evi- 
dence in other metropolitan areas, 


**Too few non-whites live in rural tracts to indicate 
anything about these areas. 


APPENDIX 


Description and Sources of Data 


The following list describes the variables used in 
this study and indicates sources or methods of measure- 
ment, All data are by census tracts of the St. Louis 
standard metropolitan statistical area, and unless other- 
wise specified are for the year 1960. 


Dependent Variable 


MPV — Median value of owner-occupied single family 
housing units, estimated by owner as of April, 1960. 
From U. S. Bureau of the Census, U. S. Censuses of 
Population and Housing: 1960, St. Louis, Missouri- 
Illinois, Final Report PHC (1)-131 (Washington, 
D.C.: U. S. Government Printing Office, 1962), 
Table H-2. (Henceforth this publication is referred 
to by its final report number.) 


Independent Variables Used in Final Equations 


SUL — An index of annual geometric mean sulfation 
levels for the period February 20, 1963 to February 


10, 1964. An index number running from one through 
eight was assigned to each census tract, a value of 
one representing levels equal to or less than 0.49 mg. 
of SO,/100cm*/day, a value of two for sulfation levels 
of 0.50 to 0.74 on the same scale, and so on up to a 
value of eight for those tracts having pollution levels 
equal to or greater than 2.0 mg. SO,/100 cm?/day. 
The figures were interpolated from an isopleth 

map developed from 41 stations by the Interstate Air 
Pollution Study. Measurements are made by measur- 
ing the amount of SO, formed on the surface of a 
cylinder coated with lead dioxide and exposed for one 
month. See Jack R. Farmer, Interstate Air Pollution 
Study, Air Quality Measurements (Interstate Air 
Pollution Study, St. Louis-East St. Louis Metropol- 
itan Area, February 1965), 6 and figure 75, p. 144. 

MNR— Median number of rooms per housing unit, 
from PHC (1)-131, Table H-1. 

PRB — Percentage recently built. Housing units built 
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1950 to March 1960 as percentage of all housing 
units, from PHC (1)-131, Table H-1. 

HPM — Total houses per square mile of tracts (in 
thousands). Total housing units from PHC (1)-131, 
Table H-1; area of tracts in square miles calculated 
from maps obtained from School of Architecture, 
Washington University, St. Louis. 

TIZ— Time zone. The metropolitan area was divided 
into zones representing average time during rush 
hour (7:30 A.M., 1960) required for an express bus 
to reach the central business district, according to 
records provided by the St. Louis Metropolitan 
Transit Authority. Each census tract was assigned a 
number depending upon the zone within which it fell. 


Zone Minutes to CBD 


0-10 
11-20 
21-30 
31-40 

more than 40 


nk WH 


PNW — Percentage non-white housing units. Non- 
white owner and renter occupied units as a per- 
centage of all occupied units. 

SCH — School quality. The presence of SCH1 and 
SCH2 in an equation indicate the use of a three-fold 
ranking of a census tract according to the value its 
school district has in terms of selling a house. SCH1 
is a one/zero dummy variable for above-average qual- 
ity, and SCH2 is a similar variable for average qual- 
ity. If only SCH1 appears in an equation, a two-fold 
classification of school quality has been used (above 
average, one, otherwise, zero). The judgments on 
school quality were based on interviews with edu- 
cators who were asked how they believed that people 
in general evaluated the schools in 1960 and with 
real estate salesmen who were asked how advanta- 
geous different school districts were in selling a house 
in 1960. Close agreement was found among those 
interviewed. 

OCR — Occupation ratio. Ratio of number of crafts- 
men, foremen, operatives and laborers to total num- 
ber of employed persons, from David J. Pittman and 
Sarah L. Boggs, “An Analysis of Population, Hous- 
ing, Crime and Delinquency Characteristics in the 
St. Louis Study Area” (mimeo., 1963). 

HWA — Highway accessibility. One if census tract 
touched a highway or major thoroughfare, zero 
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otherwise. The thoroughfares included were the Dan- 
iel Boone Expressway, Chippewa-Route 66, Gravois, 
Lindbergh, Kingshighway, Broadway-Lemay Ferry- 
Bellfontain Rd., Big Bend, River Des Peres-McCaus- 
land-Skinker-Hodiamont, Mark Twain Expressway, 
and Riverview-Route 67 North. 

ILL —Illinois/Missouri dummy variable: one/zero for 
in Illinois/Missouri. 

PPU — Persons per unit. Population divided by all 
occupied units, from PHC (1)-131, Tables P-1 and: 
H-2. 

MFI — Median family income, 1959, from PHC (1)- 
131, Table P-1. 

Independent Variables Used in Preliminary Equations 

Only 

HIV — Index of annual geometric mean concentrations 
of suspended particulates gathered by high-volume air 
samplers for the period July 1, 1963 to July 1, 1964. 
The index numbers run from zero to ten, each higher 
number representing an increase of 10mg/m°* with 
an index of zero for 60mg/m’* or less, and ten for 
greater than 150 mg/m’. The figures for census tracts 
were interpolated from an isopleth map developed 
from 17 stations by the Interstate Air Pollution 
Study. See Jack R. Farmer, op. cit., figure 11. 

PSS — Percentage substandard. Percentage of all units 
dilapidated or lacking other plumbing facilities, from 
PHC (1)-131, Table H-1. 

CRM — Crime rate. The number of criminal offenses 
(criminal homicide, rape, robbery, aggravated assault, 
burglary, larceny, and auto theft) per 10,000, rounded 
to hundreds. Information was gathered from individ- 
ual policy districts and applied to census tracts. 

SAA — Shopping area accessability. One/zero for in- 
clude/exclude a major regional shopping district, 
based on U. S. Department of Commerce reports and 
personal knowledge of the area. Eleven regional cen- 
ters were chosen for this designation. 

1AA — Industrial area accessability. One/zero for in- 
clude/exclude an industrial area, based on areas 
shown on U, S. Geological Survey Maps. 


Social Area Analysis Indexes — Because of their avail- 
ability the social rank, urbanization, and segregation 
indexes contained in the Pittman and Boggs study, op. 
cit., were tried in one run. Since they did not work as 
well as the above variables, some of which are included 
in these indexes, and since the rationale for them is 
questionable, they were dropped after a preliminary 
trial. 


[22] 


Hedonic Prices and Implicit Markets: 
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Competition 
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A class of differentiated products is completely described by a vector of 
objectively measured characteristics. Observed product prices and the 
specific amounts of characteristics associated with each good define a set 
of implicit or “‘hedonic”’ prices. A theory of hedonic prices is formulated 
as a problem in the economics of spatial equilibrium in which the entire 
set of implicit prices guides both consumer and producer locational 
decisions in characteristics space. Buyer and seller choices, as well as the 
meaning and nature of market equilibrium, are analyzed. Empirical 
implications for hedonic price regressions and index number con- 
struction are pointed out. 


I. Introduction and Summary 


This paper sketches a model of product differentiation based on the 
hedonic hypothesis that goods are valued for their utility-bearing attrib- 
utes or characteristics. Hedonic prices are defined as the implicit prices 
of attributes and are revealed to economic agents from observed prices of 
differentiated products and the specific amounts of characteristics asso- 
ciated with them. They constitute the empirical magnitudes explained 
by the model. Econometrically, implicit prices are estimated by the first- 
step regression analysis (product price regressed on characteristics) in the 
construction of hedonic price indexes. With few exceptions, structural 


The substance of this paper arose from conversations with H. Gregg Lewis several years 
ago. A multitude of other people have contributed advice and criticism. Among them are 
William Brock, Stanley Engerman, Robert J. Gordon, Zvi Griliches, Robert E. Lucas, Jr., 
Michacl Mussa, and the referee. Remaining errors are my own responsibility, Financial 


support from the Center for Naval Analysis and the National Institute of Education is 
gratefully acknowledged. 


34 


The Economics of the Environment 
HEDONIC PRICES 35 


interpretations of the hedonic method are not available.’ T herefore, our 
primary goal is to exhibit a generating mechanism for the observations 
in the competitive case and to use that structure to clarify the meaning 
and interpretation of estimated implicit prices. It will be shown that these 
data generally contain less information than is commonly supposed. How- 
ever, the model suggests a method that often can identify the underlying 
structural parameters of interest. Also, as a general methodological point, 
it is demonstrated that conceptualizing the problem of product differen- 
tiation in terms of a few underlying characteristics instead of a large num- 
ber of closely related generic goods leads to an analysis having much in 
common with the economics of spatial equilibrium and the theory of 
equalizing differences. 

The model itself amounts to a description of compstitive equilibrium 
in a plane of several dimensions on which both buyers and sellers locate. 
The class of goods under consideration is described by n objectively mea- 
sured characteristics. Thus, any location on the plane, is represented by a 
vector of coordinates z = (z;, Z2,...,Z,), With z, measuring the 
amount of the ith characteristic contained in each good. Products in:the 
class are completely described by numerical! values of z and offer buyers 
distinct packages of characteristics. Furthermore, existence of product 
differentiation implies that a wide variety of alternative packages are 
available. Hence, transactions in products are equivalent to tied sales 
when thought of as bundles of characteristics, suggesting applicability of 
the principle of equal advantage for analyzing market equilibrium. 

In particular, a price p(z) = p(Z,, Z2,---, Z,) is defined at each point 
on the plane and guides both consumer and producer locational choices 
regarding packages of characteristics bought and sold. Competition 
prevails because single agents add zero weight to the market and treat 
prices p(z) as parametric to their decisions. In fact the function p(z) is 
identical with the set of hedonic prices—‘“‘equalizing differences’’—as 
defined above, and is determined by some market clearing conditions: 
Amounts of commodities offered by sellers at every point on the plane 
must equal amounts demanded by consumers choosing to locate there. 
Both consumers and producers base their locational and quantity deci- 
sions on maximizing behavior, and equilibrium prices are determined so 
that buyers and sellers are perfectly matched. No individual can improve 
his position, and ail optimum choices are feasible. As usual, market clear- 
ing prices, p(z), fundamentally are determined by the distributions of 
consumer tastes and producer costs. We show how it is possible to recover, 


1 Excellent summaries of the hedonic technique are available in Griliches (1971, 
chap. 1) and Gordon (1973). Major exceptions to the statement in the text are those 
studies dealing with depreciation and obsolescence (see Griliches 1971, chaps, 7 and 8) 
and some recent models based on markup pricing (e.g., Ohta and Griliches 1972). 
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or identify, some of.the parameters of these underlying distributions by a 
suitable transformation of the observations. 

An early contribution to the problem of quality variation and the theory 
of consumer behavior has been made by Houthakker (1952). His analysis 
is designed to take account of the fact that consumers purchase truly 
negligible fractions of all goods available to them without having to deal 
with a myriad of corner solutions required by conventional theory. That 
virtue of Houthakker’s treatment is preserved in the present model. More 
recently Becker (1965), Lancaster (1966), and Muth (1966) have ex- 
tended Houthakker’s methods to more explicit consideration of utility- 
bearing characteristics. Again, the emphasis is on consumer behavior and 
properties of market equilibrium have not been worked out, a gap we 
hope to fill, in part, here. The spirit of these recent contributions is that 
consumers are also producers. Goods do not possess final consumption 
attributes but rather are purchased as inputs into self-production func- 
tions for ultimate characteristics. Consumers act as their own “‘middle- 
men,” so to speak. In contrast, the model presented below interposes a 
market between buyers and sellers. Producers themselves tailor their goods 
to embody final characteristics desired by customers and receive returns 
for serving economic functions as intermediaries. These returns arise from 
economies of specialized production achieved by specialization and 
division of labor through market transactions not available outside 
organized markets with self-production. 

Section II discusses individual choices in the market and the nature of 
market equilibrium. Some simple examples of analytic solutions for 
general equilibrium are given in Section III. Section IV presents an 
empirical method for identifying the underlying structure from the 
observations, while Section V applies the model to price index number 
construction in the presence of legislated restrictions. To highlight essen- 
tial features, the simplest possible specifications are chosen throughout. 
As a further appeal to intuition, use is made of geometrical constructions 
wherever possible. 


II. Market Equilibrium 


Consider markets for a class of commodities that are described by n 
attributes or characteristics, z = (z,, Z2,..., Z,). The components of z 
are objectively measured in the sense that all consumers’ perceptions or 
readings of the amount of characteristics embodied in each good are 
identical, though of course consumers may differ in their subjective valua- 
tions of alternative packages. The terms “product,” “model,”’ ‘‘brand,”’ 
and “design”’ are used interchangeably to designate commodities of given 
quality or specification. It is assumed that a sufficiently large number of 
differentiated products are available so that choice among various com- 
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binations of z is continuous for all practical purposes. That is, there is a 
“spectrum of products” among which choices can be made. As will be 
apparent, this assumption represents an enormous simplification of the 
problem. It is obviously better approximated in some markets than others, 
and there is no need to belabor its realism.? To avoid complications of 
capital theory, possibilities for resale of used items in secondhand markets 
are ignored, either by assuming that secondhand markets do not exist, or 
alternatively, that goods represent pure consumption. 

Each product has a quoted market price and is also associated with a 
fixed value of the vector z, so that products markets implicitly reveal a 
function p(z) = p(z,,..., Z,) relating prices and characteristics. This 
function is the buyer’s (and seller’s) equivalent of a hedonic price regres- 
sion, obtained from shopping around and comparing prices of brands 
with different characteristics. It gives the minimum price of any package 
of characteristics. If two brands offer the same bundle, but sell for different 
prices, consumers only consider the less expensive one, and the identity 
of sellers is irrelevant to their purchase decisions. Adopt the convention 
of measuring each z;, so that they all may be treated as “‘goods” (i.e., so 
that consumers place positive rather than negative marginal valuations 
on them) in the neighborhood of their minimum technically feasible 
amounts. Then firms can alter their products and increase z only by use 
of additional resources, and f(z;,..., Z,) must be increasing in all its 
arguments. Assume £(z) possesses continuous second derivatives. Since a 
major goal of the analysis is to present a picture of how f(z) is determined, 
it is inappropriate to place too many restrictions on it at the outset. How- 
ever, note that there is no reason for it to be linear as is typically the case. 
The reason is that the differentiated products are sold in separate, though 
of course highly interrelated, markets. This point is spelled out in some 
detail below. 

A buyer can force p(z) to be linear if certain types of arbitrage activi- 
ties are allowed. Let z,, z,, and z, be particular values of the vector z. 
(i) Suppose z, = (1/t)z,, and p(z,) < (1/t)p(z,), where ¢ is a scalar and 
t > 1. Then ¢ units of a model offering z, yield the same amount of 
characteristics as a model offering z,, but at less cost, ruling out transac- 
tions in convex portions of f(z). (ii) Suppose z, < z, < z, and p(z,) > 
5p(z,) + (1 — 5)p(z,), where 0 < 6 < | and z, is defined by z = 
6z, + (1 — 6)z,. Then characteristics in amount of z, could be achieved 
by purchasing 6 units of a model containing z, and (1 — 6) units ofa 
model containing z, at lower cost than by direct purchase of a brand 
containing z,, and products in concave portions of p(z) would be un- 
economical. Arbitrage is assumed impossible in what follows (at this point 


2 This assumption was first employed by L. M. Court (1941) and allows the use of 
marginal analysis rather than the programming methods required by Lancaster’s (1966) 
formulation. Following the general rule, it is not without its costs, however (see below). 
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we depart from Lancaster [1966]) on the assumption of indivisibility. 
This amounts to an assumption that packages cannot be untied. For 
example, in terms of one characteristic, two 6-foot cars are not equivalent 
to one 12 feet in length, since they cannot be driven simultaneously (case 
[i]); while a 12-foot car for half a year and a 6-foot car for the other half 
is not the same as 9 fcet all year round (case [ii]). Similarly, assume sellers 
cannot repackage existing products in this manner or do not find it 
economical to do so, as might not be the case with perfect rental markets 
and zero transactions and reassembly costs. 


A. The Consumption Decision 


To begin, suppose consumers purchase only one unit of a brand with a 
particular value of z. Write the utility function as U(x, 21, Z2,--+5 Zn) 
assumed strictly concave, in addition to the other usual properties, where 
x is all other goods consumed. It would not be difficult to treat z as inter- 
mediate goods and relate them to yet more ultimate commodities through 
self-production functions, but that complication is ignored. Set the price 
of x equal to unity and measure income, y, in terms of units of x: y = 
x + p(z). Maximization of utility subject’ to the nonlinear budget con- 
straint requires choosing x and (z,,..., Z,) to satisfy the budget and the 
first-order conditions ép/dz, = p, = U,,/U,, 1 = 1,..., n. Optimality 
is achieved by purchasing a brand offering the desired combination of 
characteristics. Second-order conditions are fulfilled on the usual assump- 
tions regarding U, so long as f(z) is not sufficiently concave (for a general 
statement of these conditions under a nonlinear constraint see Intriligator 
[1971]). 

To stress the essential spatial context of the problem, define a value or 
bid function 0(z,,..., 2,3 u, y) according to 


CO POF 25) saehres) (1) 
The expenditure a consumer is willing to pay for alternative values of 
(Z1,+.+,Z,) at a given utility index and income is represented by 


O25 uy). It defines a family of indifference surfaces relating the z, with 
“money” (i.e., with x foregone), and has been widely used in urban 
economics (e.g., see Alonso 1964). Differentiate (1) to obtain 


02, SSUF/U, 0p ORS 0 = Oeand 6, = 1, (2) 
oe — (Ue Ue a 20 Ue, te U2U,,)/U2 < 0, (3) 


where the inequality in (3) follows from the assumptions about the bor- 
dered Hessian matrix of U. Also, strict concavity of U implies that 0 is 
concave in z. Equations (2) and (3) show that the value function is 
increasing in z, at a decreasing rate. Alternatively, 0,, is the marginal 
rate of substitution between z, and money, or the implicit marginal 
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valuation the consumer places on z, at a given utility index and income. 
It indicates his reservation demand price for an additional unit of z,, 
which is decreasing in Z;. 

The amount the consumer is willing to pay for z at a fixed utility index 
and income is 0(z; u, y), while p(z) is the minimum price he must pay 
in the market. Therefore, utility is maximized when 0(z*; u*, y) = p(z*) 
and 0,,(z*; u*, y) = p(z*),t = 1,..., n, where z* and u* are optimum 
quantities. In other words, optimum location on the z-plane occurs where 
the two surfaces p(z) and 6(z; u*, y) are tangent to each other. One 
dimension of consumer equilibrium is illustrated in figure 1, where the 
surfaces have been projected onto the @ — z, plane cut at (z3,..., Z*). 
A family of indifference curves, of which only one member (at u*) is 
shown, is defined by 0(z,, 23,. +; Z; u,y). Two different buyers are 
shown in the figure, one with value function 0! and the other with 0?. 
The latter purchases a brand offering more z,.° 

In general, far less can be said than in the standard analysis about 
comparative statics, because the budget constraint is nonlinear. Differen- 
tiate 0,, with respect to u, 0,,, = (U,U,,, — U,,Uxx) UZ, the numerator 
of which is recognized as determining the sign of the income elasticity of 
demand for ‘“‘good” z, in standard theory when the other components 
of z are “held constant.”’ If all these derivatives are positive (z, is “nor- 
mal” in this restricted sense for all 7), the gradient of 0 unambiguously 


3 Lewis (1969) employs a similar construction in analyzing the problem of hours of 
work as a tied sale. Jobs offer a fixed wage-hour package, which varies from job to job. 
The market establishes a function relating wages and hours on which both workers and 
employers base their decisions. 
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increases as u increases. Additional income always increases maximum 
attainable utility. Hence if p(z) is convex and sufficiently regular every- 
where, we might expect higher income consumers to purchase greater 
amounts of all characteristics. Only in that case would it be true that 
larger income leads to an unambiguous increase in the overall “quality” 
consumed, and differentiated products’ markets would tend to be strati- 
fied by income. However, in general there is no compelling reason why 
overall quality should always increase with income. Some components 
may increase and others decrease (cf. Lipsey and Rosenbluth 1971). Be 
that as it may, a clear consequence of the model is that there are natural 
tendencies toward market segmentation, in the sense that consumers with 
similar value functions purchase products with similar specifications. This is 
a well-known result of spatial equilibrium models. In fact, the above speci- 
fication is very similar in spirit to Tiebout’s (1956) analysis of the implicit 
market for neighborhoods, local public goods being the “characteristics” 
in this case. He obtained the result that neighborhoods tend to be seg- 
mented by distinct income. and taste groups (also, see Ellickson 1971). 
That result holds true for other differentiated products too. 

Allowing a parameterization of tastes across consumers, the utility 
function may be written U(x,, Z;,..., Z,; &), where a is a parameter 
that differs from person to person. Equilibrium value functions depend 
on both y and a. A joint distribution function F(y, a) is given in the 
population at large, and equilibrium of all consumers is characterized by 
a family of value functions whose envelope is the market hedonic or im- 
plicit price function. 

The model is easily expanded to include several quantities, so long as 
consumers are restricted to purchasing only one model. Following 
Houthakker (1952), the utility function becomes U(x,, 24,... 5 Zn) ™); 
where m is the number of units consumed of a model with characteristics z. 
The constraint is y = x + mp(z), and necessary conditions become 


0U 

oo WE fe) U erable cs 

re b(z)U, + U,, = 90, (4) 
aU 
ae = — mb (2)U, + U, = 0, (5) 


The value function is still defined as the amount a consumer is willing to 
pay for z at a fixed utility index but now with the proviso that m is optim- 
ally chosen. That is, 0(z,,..., Z,) is defined by eliminating m from 


u = U(y — mO, 2,,...5 Zp) m) 
U,,|U, = 0. 


Again, Q., is proportional to U,,/U,. The logic underlying figure 1 remains 
intact, and it can just as well serve for this case. However, second-order 
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conditions are now more complex. For example, convexity of p(z) is no 
longer sufficient for a maximum as it was in the case where m was re- 
stricted to be unity. Also, it is necessary to employ stronger assumptions 
than those used above if the value function @ is to be concave. 

Note there is no question of monopsony involved here. Consumers act 
competitively in spite of the fact that marginal cost of quality, p,(z), is not 
necessarily constant—it is increasing in figure 1—because as many units 
as desired of any brand can be purchased without affecting prices. The 
function p(z) is the same for all buyers and independent of m. 


B. The Production Decision 


Having set up the formal apparatus above, we give a symmetrical and 
consequently brief account of producers’ locational decisions. What 
package of characteristics is to be assembled? Let M(z) denote the 
number of units produced by a firm of designs offering specification z. 
The discussion is limited to the case of nonjoint production, in which each 
production establishment within the firm specializes in one design, and 
there are no cost spillovers from plant to plant. Thus a “‘firm” is an 
arbitrary collection of atomistic production establishments, each one 
acting independently of the others. Analytical difficulties arising from true 
joint production are noted in passing. 

Total costs in an establishment are C(M, z; B), derived from minimiz- 
ing factor costs subject to a joint production function constraint relating 
M, z, and factors of production. The shift parameter f reflects underlying 
variables in the cost minimization problem, namely, factor prices and 
production function parameters. Assume C is convex with C(O, z) = 0 
and Cy and C,, > 0. There are no production indivisibilities, and 
marginal costs of producing more units of a model of given design are 
positive and increasing. Similarly, marginal costs of increasing each 
component of the design are also positive and nondecreasing. (Ordinarily, 
there will be some technological constraints that limit the set of feasible 
locations on the plane.) Each plant maximizes profit 7 = Mp(z) — 
C(M, z,,.-.+, Z,) by choosing M and z optimally, where unit revenue on 
design z is given by the implicit price function for characteristics, p(z).* 


* Our inability to treat joint production nontrivially yet simply stems from the spec- 
trum-of-commodities assumption. If a finite number (say v) of packages is available, it 
would be straightforward formally to specify a standard v-component multiple product 
cost function for the firm, and proceed on that basis. In the present case, firms engage in 
joint production only insofar as they own establishments specializing in different packages. 
However, genuine joint production requires cost dependencies between production units 
within the firm: the firm must choose a function M(z) describing an entire “product 
line” offered in the market. The entire function M(z) is an argument in each plant’s 
costs and total costs in turn are the sum (or integral) over all production establishment 
costs. A complete treatment requires use of functional analysis and is beyond the scope 


of this paper. 
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Again, firms are competitors and not monopolists even though marginal 
costs of attributes p,(z) are not necessarily constant because all establish- 
ments observe the same prices and cannot affect them by their individual 
production decisions: p(z) is independent of M. 

Optimal choice of M and z requires 


Pilz) = G,(™, Fa gaa sete (Vu in t= ere en (6) 
p(z) = Cu(M, tera i (7) 


At the optimum design, marginal revenue from additional attributes 
equals their marginal cost of production per unit sold. Furthermore, 
quantities are produced up to the point where unit revenue f(z) equals 
marginal production cost, evaluated at the optimum bundle of charac- 
teristics. As above, convexity of C does not assure second-order conditions 
due to nonlinearity of f(z), and some stronger conditions, assumed to be 
satisfied in what follows, are required (see Intriligator 1971). 
Symmetrically with the treatment of demand, define an offer function 
$(Z15-++5 Z,3 7, B) indicating unit prices (per model) the firm is willing 
to accept on various designs at constant profit when quantities produced 
of each model are optimally chosen. A family of production “indifference” 
surfaces is defined by ¢. Then $(z,,..., Z,3 7, B) is found by eliminating 
M from 
n= Md — C(M, 21,.--5 Zn) (8) 


and 


Cu(M, is nes) = g; (9) 


and solving for @ in terms of z, 2, and f. Differentiate (8) and (9) to 
obtain ¢,, = C,,/M > 0 and ¢, = 1/M > 0. 

The marginal reservation supply price for attribute i at constant profit, 
assumed increasing in z;, is o,,. Again convexity of C does not always 
guarantee #,,,, > 0. Since ¢ is the offer price the seller is willing to 
accept on design z at profit level 2, while f(z) is the maximum price 
obtainable for those models in the market, profit is maximized by an 
equivalent maximization of the offer price subject to the constraint p = ¢. 
Thus | maximum profit and optimum design satisfy ,(z*) = 

* * . 
Pret ness Sno R's Py fOr 2 = Vysaa sh, and gle) eee) 2, eee 
n*, 8). Producer equilibrium is characterized by tangency between a 
profit-characteristics indifference surface and the market characteristics— 
implicit price surface. 

One dimension of the solution is depicted in figure 2, where 
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defines a family of curves on the z, — @ plane cut through the indifference 
surface at the optimum values of the other attributes. Only one member 
is shown in the figure. The curve labeled ¢! refers to a production unit 
possessing production and cost conditions making it well suited to produce 
lesser amounts of z,, while the one labeled ¢? refers to a firm with a com- 
parative advantage at producing higher values of z,. That is, the two 
plants have distinct values of the parameter B. More generally, there is a 
distribution of B across all potential sellers. Let G(f}) represent that dis- 
tribution. Then producer equilibrium is characterized by a family of 
offer functions that envelop the market hedonic price functions. 

What is the empirical content of B? It is anything that shifts cost con- 
ditions among firms. Thus, differences in factor prices are one possibility. 
For example, many products are produced in several countries and are 
traded on national markets (for examples, see Griliches [1971], chap. 5). 
There is no reason to assume equalization of factor prices in these cases. 
More generally, anything allowing identification of conventional multi- 
product production functions in cross-section data serves to provoke 
differences in B. Factor price differences across states or regions within a 
country often serve this purpose and do so here as well. Second, differences 
in “technology,” as reflected by typically unmeasured, firm-specific 
factors of production, also act as supply shifters across firms. For example, 
agricultural production function research often treats education of the 
farm operator in this manner. Firm-specific R&D expenditure as well as 
the phenomena of progress-function-learning also serve these purposes. 
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GC. What Do Hedonic Prices Mean? 


An answer to the question is an immediate application of the above 
analysis. Superimpose figure 2 onto figure |. In equilibrium, a buyer and 
seller are perfectly matched when their respective value and offer functions 
“kiss”? each other, with the common gradient at that point given by the 
gradient of the market clearing implicit price function f(z). Therefore, 
observations p(z) represent a joint envelope of a family of value functions 
and another family of offer functions. An envelope function by itself 
reveals nothing about the underlying members that generate it; and they 
in turn constitute the generating structure of the observations. Some quali- 
fications are necessary however. (a) Suppose there is no variance in B 
and all firms are identical. Then the family of offer functions degenerates 
to a single surface, and f(z) must be everywhere identical with a unique 
offer function. Price differences between various packages are exactly 
equalizing among sellers because offer functions are constructed at 
constant profit. A variety of packages appear on products markets to 
satisfy differences in preferences among consumers, and the situation 
persists because no firm finds it advantageous to alter the quality content 
of its products. (b) Suppose sellers differ, but buyers are identical. Then 
the family of value functions collapses to a single function and is identical 
with the hedonic price function. Observed price differences are exactly 
equalizing across buyers, and (z) identifies the structure of demand. 


III. Existence of Market Equilibrium 


Analysis of consumer and producer decisions has proceeded on the 
assumption of market equilibrium. This section demonstrates some details 
of equilibrium price and quantity determination. Market quantity de- 
manded for products with characteristics z is Q4(z), and Q%(z) is market 
quantity supplied with those attributes. It is necessary to find a function 
p(z) such that Q4(z) = Q%(z) for all z, when buyers and sellers act in the 
manner described above. The fundamental difficulty posed by this prob- 
lem is that Q4(z) and Q‘(z) depend on the entire function b(z). For 
example, suppose quantities demanded and supplied at a particular 
location do not match at prevailing prices. The effect of a change in price 
at that point is not confined to models with those particular charac- 
teristics but induces substitutions and locational changes everywhere on 
the plane. A very general treatment of the problem is found in Court 
(1941), and our discussion is devoted to some examples. These examples 
have been chosen for their simplicity but illuminate the problem and 
illustrate most of the basic issues. In contrast to the rest of the paper, 
discussion is specialized to the case where goods are described by exactly 
one attribute (i.e., 2 = 1), Therefore z, represents an unambiguous 
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measure of “quality.”” When n = 1, the location surface degenerates to a 
line rather than a plane, and products are unequivocally ranked by their 
Z content. 


A. Short-Run Equilibrium 


Consider a short-run equilibrium in which firms have geared up for the 
quality (z,) of goods they can produce and are only capable of varying 
quantities. The horizon is sufficiently short so that new entry is pre- 
cluded, and the distribution of firms by quality is given as an initial 
condition, The market reveals an implicit price function p(z,), and each 
firm determines the quantity it supplies to the market according to con- 
dition (7). Market supply in a small interval dz,*near quality z, is found 
by weighting firm supply by the quality distribution function. Consumers 
differ in tastes and income, but all determine optimal quality and quantity 
as in (4) and (5). Market demand near any quality z, is found by using 


the conditions of consumer equilibrium to transform the distribution of 


tastes and income into a distribution of qualities demanded and weighting 
individual quantities demanded by the resulting distribution of qualities. 
Finally, setting demand equal to supply yields a differential equation in 
p and z, that must be satisfied by market equilibrium, subject to some 
boundary conditions. 

To be specific, assume that C(N, z) = (a/2)M?z? for all firms. Also, 
suppose firms are uniformly distributed by the characteristic Z,: 
g(z,)dz, = kdz, for z,, < Z, < Z,,, where k is a constant and z,, and 
Z,, are exogenously determined upper and lower limits of the product line. 
Apply equation (7) to obtain firm supply: M/(z,) = p/azj, since qualities 
cannot be varied by assumption. Therefore, 


Q°(Z1)dz, = g(Z1)M(z1)dz, = [ (Fla) p(z,)[zi)}dz1- (10) 


Assume a fixed number of consumers in the population and that only 
one unit per customer of the optimal model is purchased. Consumers have 
the same income, and utility is linear in x and z,, with the marginal rate 
of substitution, p, varying from person to person. Maximize U(x, z;) = 
x + pz, subject to y = x + p(z,). Each consumer purchases a brand 
for which dp/dz, = p'(z,;) = p. In this case the value functions of 
figure 1 are straight lines with a different slope, p, for each person. The 
marginal condition characterizes consumer choice so long as A; 
which will be shown to be true. Suppose p is distributed uniformly, 
Sf (p)dp = bdp for p, < p < p,, where b is a constant and p, and p, are, 
respectively, the largest and srnallest marginal rates of substitution in the 
population. Use the marginal condition p’ = p to transform f(p)dp into 
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a distribution of z,. Then 


1 


Q*(z)dz = f(z) dz, = bp"(z,)dzy. (11) 


Price must clear the market at every quality. Equating (10) and (11), 
p(Z,) must satisfy the differential equation 


(k/ba)plzi = d*pfdzt. (12) 


Equation (12) is a special case of what is called ‘“Euler’s equation” and 
has a known solution of the form 


p= 424 + 6224, (13) 
where c, and ¢, are constants determined by the boundary conditions and 
rand s are defined by r? — r — (a/bk) = 0: r = (1 + VI + 4a/bk)/2 
ands = (1 — Jl + 4a/bk)/2. The parameters r and s are real numbers 
andr > Oands < 0. Furthermore, 6'(z,) would not be positive through- 
out its range unless c, > 0 and ¢c, < 0, and consumers:could not be 
interior at those points. Equation (13) is graphed in figure 3 on that 
assumption. Note that / in (13) exhibits an inflection point at 2,5 = 
(—c,/c,)'"~, and it so happens that /(z,9) = 0. Therefore p” > 0 
for Z; > Zo: 

Boundary conditions—Competition requires there be no masses of con- 
sumers at any quality, for there are few sellers located at any point and 
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they would otherwise add nonzero weight to the market. As seen in Sec- 
tion IT, consumers with high values of p buy higher- -quality models, and 
it must be true that those for whom p = p, purchase the highest quality 
available. Otherwise prices of quality z,, would fall, a great mass of con- 
sumers would switch over to them, driving the price back up and causing 
those buyers to relocate again. Therefore, one boundary condition is 
P'(Z11) = Py or 

Py = e424) + senz4y'. (14) 


The other boundary condition is found by examining the lower end of the 
line. The following three cases cover all relevant possibilities: 

1. z,, = Oand p, > 0. Firms choose not to sell at negative prices (see 
fig. 3) and all plants geared to produce qualities less than z,9 (to be 
determined) shut down. On the other hand, all consumers value z, at 
least as much as its minimum supply price (i.e., zero) and it must be true 
that they all buy some value of z,. Individuals for whom p = p, consume 
the lowest qualities appearing on the market, for if they chose qualities 
greater than Z, 9, prices of models in the neighborhood of z, would fall 
to zero, inducing low p customers to relocate there and driving their prices 
back up. Thus a second boundary condition is p'(z,9) = p,, or 


Pa = teyZig' + scpztg". (15) 


The parameters Z, 9, ¢,, and c, are determined by equations (14) and (15) 
plus the definition of z, 9. It can be shown that c, > 0 and c, < 0, as 
required by the second-order conditions of consumer equilibrium. 
Therefore, the equilibrium hedonic price function appears as a portion 
of the curve in figure 3 in the interval (Z,0, Z,)): 

2. Ifp, = 0 = Z,, all producers must be in the market, and it follows 
that Z,9 = 0. This only is possible if ’(0) = p, = 0 and cy, must be 
zero. In this case price is a log-linear function of quality. 

3. Z,, > 0 and p, = 0. Now some consumers do not value z, very 
highly, and there is a definite limit to the smallest amount available. 
Clearly, p(z,,) must exceed zero and some consumers must be driven out 
of the market, finding it optimal not to consume the product at all. If not, 
consumers with small values of p would mass on z,, (there would be a 
corner solution there), adding finite weight to the market and causing 
p(z,,) to explode. Using the budget constraint, the market rate of exchange 
between not buying at all and buying z,, is [y — p(215)]/1, and must 
equal the slope of the value function for buyers at that (extensive) margin. 
That is, the condition [y — p(z,,)]/Z1s = p'(Z1;) replaces equation (15)— 
after substituting for p and p’ from (13)—in the determination of ¢, and 
cy. The hedonic price function also can be illustrated in figure 3 as the 
portion of the curve between the points such as those marked A(= 2Z;,,) 
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and z,,. Again, c, and c, have the correct signs and the second-order 
conditions are fulfilled. 

A second type of short-run equilibrium could be considered in which 
existing firms can alter qualities as well as quantities of their products. 
When there is a distribution of cost functions, it is necessary to proceed 
analogously to the treatment of demand in the example above. For ex- 
ample, costs might be described by (a/2)N?z; with A varying across 
firms. Then (7/2) = z,p'/p is uscd to transform the distribution of 2 into a 
distribution of qualities supplied. The resulting distribution weights firm 
quantities supplied in the determination of market supply at any quality. 
A little experimentation will show that the differential equation resulting 
from setting Q4(z,) = Q%(z,) is nonlinear in most cases, and closed 
solutions are not always feasible. 


B. Long-Run Equilibrium 


Firms may vary qualities at will and also construct establishments of 
optimum size. No entry restrictions imply the absence of profit (7* = 0) 
and long-run offer price for each firm must satisfy (z; B) = 
C(M, z; B)/A4. Plants are constructed to produce models of quality z 
at minimum cost. Hence scale economies are exhausted under competi- 
tion and the optimum production unit occurs where C(M, z, B) is 
linear in A, variations of quantity being achieved by changes in the 
number of establishments. Let 4(z; B) represent minimum average cost 
of z for an establishment of optimum size. Then C(M, z; 8B) = Mh(z; B) 
in the long run, Therefore @ = h(z; B) and f(z) = A(z; B) is the 
equilibrium condition for maximum profit and /(z) is completely 
determined by supply, or by the envelope of the family A(z; B) with 
respect to f. Generalization to n characteristics is obvious in this case. 


IV. An Identification Problem 


Section III demonstrated that complete solutions for p(z) and the 
distribution of qualities traded sometimes can be obtained if sufficient 
a priori structure is imposed on the problem. However, it is not always 
possible to proceed in that manner. In general, the differential equation 
defining /(z) is nonlinear and it may not be possible to find closed solu- 
tions. Moreover, a great deal of structure must be imposed. For example, 
the distribution of income follows no simple law throughout its range, 
making it difficult to specify the problem completely. Finally, partial- 
differential equations must be solved when there is more than one 
characteristic. This section sketches an alternative and more efficient 
procedure, based on the analysis of Section II. 
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As shown above, derivatives of a consumer’s value function, 0, ace 
proportional to marginal rates of substitution. They are reservation- 
demand prices for additional amounts of z; at a constant utility index. 
Therefore {0,,(z)} are the inverses of a set of ordinary compensated 
demand functions for the z,’s. The marginal cost of z, to the consumer is 
f(z), and optimal z is determined where marginal costs equal marginal 
values. One dimension of these marginal concepts is illustrated in figure 4. 
The curves labeled 63, are derivatives of 0/ in figure | and reflect com- 
pensated demand functions for various buyers. The dashed line labeled 
f,(z) is the common marginal -cost confronting all buyers. Consumer 
choice is given by the intersection of demand and marginal cost. It 
should be emphasized that the functions 9,,(z) are compensated demand 
prices (real income held constant) and can only be derived once equilib- 
rium is determined, as in Section II. For example, a new equilibrium 
resulting from an exogenous shift in would not always be given by the 
intersection of the new marginal costs, p,(z), and the initial compensated 
demand price functions. An exception occurs when 6,,, = 0 and the 
family of surfaces 0(z; u), such as depicted in figure 1, are all parallel to 
each other: 0,,, = 0 is equivalent to constant marginal utility of money 
and @,, is unique and independent of u only in that case. If 0,,, # 0, the 
shape and location of the 0, functions are determined by the equilibrium 
conditions of Section II; tangency between f(z) and 6/(z, u*). 

A similar procedure applies to firms: 0,, is the reservation supply price 
of incremental z, and reflects a profit-compensated supply function for 
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characteristic z,; p; is the marginal revenue function for Z; facing each 
firm. One dimension of producer equilibrium is shown in figure 4 as the 
intersection of a set of compensated supply curves for various firms, 64, 
with a common marginal revenue function, p,(Z).- ; 

Figure 4 reiterates the major conclusion of Section II in terms of 
derivatives of p(z). Equlibrium is described by the intersection of supply 
and demand functions. However, income effects have been removed, in 
distinction to the typical case. Observed marginal hedonic prices merely 
connect equilibrium reservation prices and characteristics and reveal 
little about underlying supply and demand functions. 

However, figure 4 suggests a method that can be used for estimation. 
In principle, data are available on designs purchased by buyers and also 
on their incomes and taste variables such as age, education, etc. Denote 
these empirical counterparts of « by a vector Y,. Data are also potentially 
available on the characteristics’ content of models produced by sellers 
and factor price and specific technological differences among them. 
Denote the empirical counterparts of B by a vector Y,. Following figure 4, 
let ’,(z, Y,) represent the marginal demand price for z; and G,(z, Y) 
represent the marginal supply price. Ignoring random terms, the model 
to be estimated can be written as 


plz) = FM(z,..., 2» Y,) (demand), (16) 


Pilz) = Gi(Zy-++5 2» Y2) (supply), (17) 


fort = 1,..., n, where p; and 2; are all jointly. dependent variables and 
Y, and Y, are exogenous demand and supply shift variables. The 2n 
equations determine the 2n endogenous variables p, and z;. Estimation 
requires a two-step procedure. First, estimate p(z) by the usual hedonic 
method, without regard to Y, and Y,. That is, regress observed differenti- 
ated products’ prices, #, on all of their characteristics, z, using the best 
fitting functional form. This econometrically duplicates the information 
acquired by agents in the market, on the basis of which they make their 
decisions. Denote the resulting estimate of the function f(z) by f(z). 
Next, compute a set of implicit marginal prices, 0p(z)/0z; = p,(z) for each 
buyer and seller, evaluated at the amounts of characteristics (numerical 
values of z) actually bought or sold, as the case may be. Finally, use 
estimated marginal prices p,(z) as endogenous variables in the second- 
stage simultancous estimation of equations (16) and (17). Estimation of 
marginal prices plays the same role here as do direct observations on prices 
in the standard theory and converts the second-stage estimation into a 
garden variety identification problem. There are four cases to consider: 

1]. There is no variance in f and cost conditions are identical across 
firms. The variables Y, drop out of equation (17) and f(z) identifies the 
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offer function. Similarly, the sample observations on p,(z) and the z, 
identify compensated supply functions. Suppose several cross sections for 
different years are available and firms’ production functions have been 
subject to technical change. Then within-year hedonic price regressions 
identify supply conditions for each year. Changes in marginal prices and 
qualities induced by changing technology and cost conditions between 
years approximately sweep out the structure of preferences and com- 
pensated demand functions (with due qualification for the nonconstancy 
of the marginal utility of money). 

2. If buyers are identical, but sellers differ, Y, drops out of (16) and 
single cross-sectional observations trace out compensated demand 
functions, 

3. If buyers are identical and so are sellers, offer and value functions 
are tangent at a single point, and only one quality appears on the market. 
The observations degenerate to a single point; there is no product differen- 
tiation and no problem. 

4. In general there is both a distribution of buyers and another dis- 
tribution of sellers. Both Y, and Y, have nonzero variance, and the usual 
identifying rank and order conditions apply. A necessary prior condition 
for estimation is that p(z) be nonlinear at stage one. For if f(z) happens 
to be linear, f(z) are constants, independent of qualities traded, and 
display zero variance across sample observations. As shown above, 
linearity of f(z) is unlikely so long as there is increasing marginal cost of 
attributes for sellers and it is noi possible to untie packages. But it is 
obvious that the model does not apply if very few distinct products are 
actually traded. 


V. Price Indexes, Economic Welfare, and Legislated Restrictions 


This section uses the model to analyze the welfare consequences of quality- 
standards legislation, a problem not easily handled by conventional 
methods. The discussion clarifies issues in recent controversies regarding 
treatment of legislated standards in the construction of price indexes. For 
example, how should mandatory installation of seat belts and air bags 
affect the automobile price index? For expository convenience, discussion 
is confined to the case of one attribute. Generalization to several charac- 
teristics is immediate. 

A minimum quality standard means that z > Z, and brands con- 
taining less than Z are prohibited from the market. Assume constant 
returns to quantities (as in Section III B). ‘Then the law is irrelevant for 
all consumers previously purchasing packages containing more than the 
legislated minimum. The situation for a buyer whose choice is affected 
by the law is shown in figure 5: z* was the original choice, whereas Z is 
chosen after the law has been passed, since z* is no longer available. The 
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p(z) 


= Z 
Zz; Z| ' 


Fic. 5 


minimum attainable value function has shifted from 6% to 9°, and the 
consumer is worse off (see eq. [2]). 

Choose the distance AP = P, — P, as a monetary measure of the loss 
in welfare. Since 00/dy = 1, AP is the bribe necessary for the consumer 
to purchase Z when z* was available. Clearly, this measure is not unique 
(i.e., if compensation is evaluated at a different amount of z) unless 
6,,, = 0. The welfare loss can be estimated from the implicit price and 
bid functions. The distance P, — Po is given by 


(e fi (z)az, 


or the area under marginal cost from z* to Z, and is shown in figure 6 as 
ziabz,. It represents the social opportunity cost of additional resources 
necessary to produce Z instead of z*. The integral 


{. 6,(z)dz, 


or the area under a compensated demand function (compensated at the 
original level of real income) between z* and Z in figure 6 (z*aczZ,) 
measures the amount the consumer would have paid for the increment 
(Z, — z}) at the unrestricted level of welfare. It measures P, — Po in 
figure 5 and represents the benefit of the restriction. The difference 
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dp 


* 
z, Z 


Fic. 6 


between costs and benefits is given by P, — P,, or the difference between 
the areas under the marginal cost and compensated demand functions, 
the shaded area in figure 6. In the general case of several attributes, AP 
must be measured by a line integral. Otherwise, everything else is 
unchanged. 

When the marginal utility of money is constant, AP is unique and the 
price restriction is equivalent to an additive increase in implicit prices in 
amount AP everywhere. In figure 5, 0,,, = 0 means that all value func- 
tions are parallel, and if the budget constraint was y = x + p(z) + AP 
instéad of y = x 4+ p(z), the consumer would have arrived exactly at 6° 
of his own free choice. The real price of the characteristic has risen because 
choices are restricted, and the price index should rise to reflect that fact. 
A natural measure of the real price increase imposed by the law is a 
weighted average of terms such as AP (including buyers for whom AP = 
0), where the weights are expenditure shares among all consumers.° 
This measure overstates the loss insofar as the restriction actually forces 


5 A complete assessment of the law and its effect on the price index requires balancing 
the costs calculated above against any externality-induced social benefits of the restric- 
tion. In our judgment, seat belts and air bags are in a different category than emission- 
control devices. In regard to the latter, the apparatus above can be used easily to analyze 
the effect of the European system of taxing engine displacement. An ad valorem tax 
increases average and marginal costs of packages with larger liter capacity, and the usual 
income and substitution effects apply: packages with smaller amounts of this and com- 
plementary characteristics (such as size of car) are purchased. 
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some consumers completely out of the generic goods market since they 
escape the full loss AP. Also, standard index number problems arise when 
the marginal utility of money is not constant. 


VI. Conclusions 


This paper has drawn out the observational consequences of the construct 
of implicit markets for characteristics embodied in differentiated products. 
When goods can be treated as tied packages of characteristics, observed 
market prices are also comparable on those terms. The economic content 
of the relationship between observed prices and observed characteristics 
becomes evident once price differences among goods are recognized as 
equalizing differences for the alternative packages they embody. Here, 
as elsewhere, price differences generally are equalizing only on the margin 
and not on the average. Hence, estimated hedonic price-characteristics 
functions typically identify neither demand nor supply. In fact, those 
observations are described by a joint-envelope function and cannot by 
themselves identify the structure of consumer preferences and producer 
technologies that generate them. 

The formal analysis is complicated by the fact that budget constraints 
are nonlinear. Consequently, it is not surprising that far weaker theorems 
than usual apply. However, a feasible econometric procedure for esti- 
mating the underlying generating structure has been derived through the 
use of derivative transformations. When constraints are nonlinear, 
marginal prices serve the same role .as average prices do in the linear 
case. Finally, the essential spatial context of the problem means that 
substitution and income effects must be more carefully distinguished than 
usual. Indeed, here is a major practical instance. where compensated 
demand and supply functions become the relevant fundamental concepts. 
These compensated functions are estimated by the econometric method 
and measures of consumer and producer surplus can be derived directly 
from them. We anticipate that the basic conceptual framework outlined 
above will have a variety of applications to many practical problems 
involving equilibrium in cross-section data. 

The analysis has been simplified by assuming divisibility in production. 
Generalization has to incorporate nonconvexities, and discontinuities 
must result. When nonconvexities are not small relative to the market, it 
is obvious that only isolated locations on the characteristics surface will 
be filled. In other words, such a generalization will naturally incorporate 
the case of monopolistic competition, and observed “distances” (in terms 
of characteristics) between differentiated products will be endogenously 
determined. The methods employed above do not carry through because 


certain nonmarginal decisions must be analyzed, and far more sophisti- 
cated techniques are required. 
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Welfare Measurement in the Household 
Production Framework 


By Nancy E. BOCKSTAEL AND KENNETH E. MCCONNELL* 


The household production approach to 
consumer behavior, developed from the work 
of Gary Becker, William Gorman, and 
Kelvin Lancaster, has considerable descrip- 
tive appeal in modelling the decisions of 
households. The approach derives from the 
observation that households frequently pur- 
chase market goods that do not yield utility 
directly, but are combined to produce com- 
modity service flows which the household 
values. Thus observed behavior is de- 
termined by household production technol- 
ogy as well as by tastes. The advantage of 
this distinction is that we can pose reason- 
able hypotheses about characteristics of tech- 
nology, though we rarely possess useful a 
prior information regarding tastes. 

The putative advantages of the household 
production approach are questioned on em- 
pirical and conceptual grounds by Robert 
Pollak and Michael Wachter (1975). They 
show that jointness in production or non- 
constant returns to scale cause implicit com- 
modity prices to depend or both tastes and 
technology, raising serious econometric dif- 
ficulties in the estimation of commodity 
demand functions. In addition, since com- 
modity prices become functions of the com- 
modity bundle consumed, the analogy to 
traditional demand theory breaks down. 

Joint production occurs when a good en- 
ters several production processes simulta- 
neously, or, equivalently, when a good in one 
production process also enters directly into 
the individual’s utility function. The most 
common example is time, which provides the 
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context for all production processes and is 
often associated with the production of 
several commodities simultaneously. Since 
joint production in the household is likely to 
be pervasive, the critique by Pollak and 
Wachter cannot be ignored. In response to 
the comment by William Barnett, Pollak and 
Wachter (1977) suggest dispensing with the 
notion of commodity prices and treating the 
demand for commodities as a function of 
goods prices. This approach confounds tastes 
and technology, but it eliminates the trouble- 
some concept of commodity prices as param- 
eters when, in fact, they are likely to be 
endogenous. 

In this paper we show that results from 
positive analysis, such as the critique by 
Pollak and Wachter, have implications for 
the use of the household production frame- 
work for welfare analysis. The household 
production function approach has had con- 
siderable appeal for measuring welfare ef- 
fects of public actions in the environmental 
and natural resource areas (Gardner Brown, 
John Charbonneau, and Michael Hay; 
Elizabeth Wilman). Yet traditional ap- 
proaches to welfare measurement are fre- 
quently inapplicable. We argue that welfare 
measurement in this framework is com- 
plicated by the difficulties of unravelling 
tastes and technology. 

We extend Pollak and Wachter’s results 
by demonstrating that Marshallian demand 
functions for commodities cannot be 
uniquely defined. Thus Marshallian func- 
tions cannot be used to derive exact com- 
pensated functions in the manner of Jerry | 
Hausman, and of George McKenzie and 
I. F. Pearce, nor can compensating and 
equivalent variation measures be bounded by 
Marshallian consumer's surplus estimates 
following Robert Willig. In fact, duality re- 
sults that normally allow us to move between 
Marshallian and Hicksian functions are not 
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applicable for commodities in the household 
production framework. -- 

Because Marshallian demand functions for 
household produced commodities are not 
unique, we are forced to develop welfare 
measures from observations on purchases of 
goods; that is, inputs into the household’s 
production process. We show that under ap- 
propriate conditions, changes in the area un- 
der the demand curve for goods can serve as 
welfare measures for changes in the quanti- 
ties of public goods. This finding is related to 
Hajime Hori’s result that when all technol- 
ogy is known, the demand for public goods 
can be inferred from the purchases of private 
goods. However we develop a basis for mea- 
suring the value of public goods which, un- 
like Hori’s measure, does not require that we 
know a priori the household technology. All 
the information that is required will be em- 
bodied in the derived demand for goods. 
Thus we show that the goods market is the 
only market which provides an indirect 
means of valuing changes in public goods. 

The following three sections provide the 
three principal results of the paper. In Sec- 
tion I, we show that traditionally conceived 
Marshallian demands are not uniquely de- 
fined in this approach. In Section I, we 
show, in contrast, that utility-constant mar- 
ginal value functions that are dependent only 
on preferences and not technology do exist 
and have the usual normative interpretation. 
Regardless of joint production or noncon- 
stant returns to scale, the area behind the 
marginal value and marginal cost curves 
measures economic surplus. Changes in this 
area measure welfare effects associated with 
changes in the individual’s economic en- 
vironment. In Section III, we show that 
equivalent measures of welfare change can 
often be obtained in the market for goods 
which serve as inputs into the household 
production process. This result is analogous 
to the work by Richard Just, Darrell Hueth, 
and Andrew Schmitz, and by Just and Hueth, 
who show that in competitive markets, 
welfare changes can be measured in the 
markets for inputs or outputs. Additionally, 
we are able to obtain these measures of 
welfare without assuming that technology is 
known. Thus we provide a new conceptual 
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basis for welfare measurement of nonmarket 
goods. 


I. Positive Keonomics and the Household 
Production Function 


An economic model is a useful positive 
tool if it implies theorems about behavior 
which can be tested. We argue that very little 
structure and a paucity of testable hypothe- 
ses emerge from the household production 
function. This argument is consonant with 
the results of Pollak and Wachter, who argue 
that commodity demand as a function of 
commodity price is not a meaningful con- 
cept. We expand their arguments by demon- 
Strating that a unique Marshallian demand 
curve, as traditionally conceived, cannot be 
derived for commodities produced in the 
household production framework. In addi- 
tion, we argue that commodity demands as a 
function of goods prices provide few qualita- 
tively predictable results. 

To characterize the household production 
approach, suppose that the consumer enjoys 
an m-dimensional bundle of commodities 
z which enters the quasi-concave prefer- 
ence function u(z). Goods, denoted x = 
(x),-..,%,), are purchased at market prices, 
denoted r =(r,,...,7,), and are combined to 
produce the commodities according to the 
production process ¢(z,x)=0. One of the 
x’s will typically be time and can take some 
function of the wage rate as its price. Joint 
production occurs when the technology im- 
plied by ¢(z, x) cannot be expressed in terms 
of separate production functions. We do not 
rule out joint production nor the possibility 
of nonconstant returns to scale. 

Positive analysis derives from the solution 
to the representative household’s income- 
constrained problem 


(1) max u(z), 


subject to Giza) 

where the joint cost function C(z,r)= 
min {r-x|t(z,x)=0} and y is money in- 
come. In general, the budget constraint will 
be nonlinear in the z’s, and the marginal 
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costs of commodities will be functions of the 
commodity bundle chosen. 

Because the Marshallian demand curve has 
held such a central position in comparative 
statics and normative analysis, there have 
been strenuous efforts to derive this concept 
from the first-order conditions of problem 
(1). In its traditional formulation, the 
Marshallian demand function relates the 
quantity of a commodity purchased to the 
price of the commodity, with money income, 
prices of other commodities, and all other 
relevant variables assumed constant. The de- 
mand curve is traced out by recording the 
amount of the commodity the consumer 
would be willing to purchase at each price. 

In the household production formulation, 
the marginal cost of producing the commod- 
ity is analogous to price in the traditional 
case. The marginal cost of producing a com- 
modity is not in general constant, however, 
and as such does not encode all the necessary 
information required to ensure that all first- 
order conditions, including the budget con- 
straint, will be satisfied. Holding income and 
other marginal cost functions constant, we 
attempt to trace out a Marshallian demand 
curve for a commodity by altering the cost of 
the final unit consumed of that commodity. 
This approach, however, cannot uniquely de- 
fine the quantity consumed unless it incorpo- 
rates knowledge of the entire cost function 
(and thus technology) or specific assump- 
tions about how the cost function changes 
with changes in marginal costs. 

By way of demonstration, consider the 
following expression for the cost function. 
Suppose that when no commodities are pro- 
duced, costs are zero, C(0, r) = 0. Then there 
exists a @ in the unit interval such that 


(2) Ctzyr) =) Cle 7 )e 
=: DD Gy ahh =8),.r 2.2728 


From this relationship, the first-order condi- 
tions of problem (1) become 


(3), uf SAG eer) =O0Vix 
Me YCG.rs 


+P oC A= 6) yee, 2 Oe 
ee) 
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where A is the multiplier associated with the 
budget constraint. Unless the production 
function is nonjoint and homogeneous of 
degree one, the C,, in (3) will be nonzero. 

Now suppose we attempt to trace out a 
Marshallian demand curve by asking the 
question: how much will be purchased at 
different levels of marginal cost (C,)? If the 
hypothetical changes in marginal cost are 
generated by changes in input (goods) prices 
or other parameters of the cost function, 
they will, except in special instances, alter C;; 
terms as well as other marginal cost func- 
tions through changes in the z_ vector. 
Changes in these additional terms in_ the 
budget constraint will make it impossible to 
define uniquely, at each marginal cost, a 
level of demand for which the income con- 
straint holds. 

A related and equally debilitating aspect 
of the household production function is that 
few qualitative comparative statics results are 
generated. In general, the decision function 
for a choice variable is obtained by differen- 
tiating the decision maker’s indirect objective 
function with respect to an economic param- 
eter. In such cases, appealing to second-order 
conditions (specifically, the curvature prop- 
erties of the utility-constant expenditure 
function) allows us to sign the change in the 
choice variable with a change in the parame- 
ter. 

in the household production approach, 
however, the expenditure function, defined 
as 


mira y= min{C(z, r)|u(z) =u), 


fails to yield comparative static results. The 
joint cost function C(z, r) will not in general 
be linearly homogeneous in z. Thus, there 
will be no parameter 8 such that dm /0B = 2, 
and ordinary envelope theorem derivations 
will not follow. As a consequence there are 
no a priori expectations on the sign of any 
dz,/dr,. Pollak and Wachter’s suggestion 
that the demand for commodities be analyzed 
in terms of goods prices rather than com- 
modity prices will yield constructs which are 
useful for prediction but which provide no 
hypotheses regarding the signs of any coeffi- 
cients in commodity demand functions. 

The nonlinearity of the cost function also 
prevents the Cournot and Engel aggregations 
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from providing useful restrictions on de- 
mand systems. Analogous to these “adding- 
up” theorems, we can derive the following 
from the constraint C(z,r)— y =0 and from 
the fact that C(z,r)=r-x: 


m 


Y z,Cn;/y =1 


i=) 


m 


n 
and pa py Z, Cie ix /Y Sal, 


A=1it=1 


where €, = dlogz,/dlogr, and 7, = 
dlog z,/dlog y. Unlike the standard neoclas- 
sical case with fixed prices, the ratios z,C, /y 
depend on technology, do not in general sum 
to one, and do not possess the useful inter- 
pretation of budget shares. Only the homo- 
geneity restrictions )7_,e,,=— 7, are re- 
tained. 

Thus two conclusions arise in the positive 
economics setting. First, a unique Marshal- 
lian demand curve for commodities does not 
exist. Second, theory fails to provide useful 
prior restrictions on any function which re- 
lates consumption of the z’s to parameters in 
the system. 


II. Welfare Analysis in the Commodity Market 


Pollak recognized that economists may 
wish to “use a household production frame- 
work to analyze the harm done by air pollu- 
tion or the benefits of an outdoor recreation 
or child health project...” (1978, p. 286). 
This approach, depending as it does on the 
distinction between purchased goods and 
consumed commodities, has particular ap- 
peal for measuring nonmarket benefits de- 
rived from public goods (see, for example, 
Hori and Wilman). However the conceptual 
limitations discussed above preclude the 
straightforward application of well-known 
welfare measurement techniques in_ the 
household production framework. 

Work by Willig, Hausman, and others em- 
ploys duality results to demonstrate that, 
because of the link through the expenditure 
and utility functions, the unobserved com- 
pensated demand function can always be 
derived from knowledge of the observable 
Marshallian function. In the household pro- 
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duction function approach, the fact that 
Marshallian demands are not unique pre- 
vents us from using duality to derive the 
compensated demand function. It also sug- 
gests that the compensated function may be 
undefined. 

In this section we demonstrate three re- 
sults. First, we argue that unlike Marshallian 
demand curves, compensated demand curves 
which reflect households’ marginal valua- 
tions of the commodity do exist, independent 
of the cost function for producing commodi- 
ties. Second, we derive a measure of surplus 
associated with a commodity as the area 
between the marginal cost and marginal value 
curves in commodity space. Finally, we dem- 
onstrate that the well-established conditions 
for measuring the compensating variation of 
a change in an exogenous (for example, pub- 
licly supplied) factor are applicable in this 
framework, 

When the household is viewed as minimiz- 
ing the cost of obtaining a given utility level, 
independent marginal value and marginal 
cost functions are identifiable. Consider the 
utility-constrained, cost-minimization prob- 
lem 


min(C(z, r)ju° =u(z)} 


which produces the first-order conditions 
C.(z,r)—pu,(z) =0Vi, 
u’ —u(z)=0, 


where pis the multiplier associated with the 
constraint on utility. These first-order condi- 
tions could be solved for reduced-form de- 
mand functions for the z’s as functions of 
goods prices, and technological and prefer- 
ence parameters. They also, however, allow 
for the determination of independent mar- 
ginal cost and value functions. To see this, 
we need only recognize that the above prob- 
lem is equivalent to one where an imaginary 
market with fixed parameter prices inter- 
venes between the production and consump- 
tion activities of the household. Since the 
budget constraint is not required to hold 
along the compensated demand curve, the 
system of compensated curves is not depen- 
dent on the total cost function. Consequently 
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the circumstances which cause the Marshal- 
lian curve to be ambiguous in this frame- 
work do not directly affect the compensated 
demand curve. 

We are prevented from deriving the 
Marshallian curve from the compensated 
curve by the absence of exogenous prices. 
Both the utility and expenditure functions 
exist, but the absence of prices prevents the 
use of Roy’s Identity to derive the Marshal- 
lian curve from the indirect utility function. 
Also, it is impossible to move from a com- 
pensated demand function to a unique ex- 
penditure function because of the nonlinear- 
ity of the cost function. Several different cost 
functions (generated by different technolo- 
gies), and thus different expenditure func- 
tions, can be associated with the same values 
of marginal costs. 

Nonetheless, theoretical welfare measures 
can be derived in commodity space but in a 
way which differs from the traditional ap- 
proach. For simplicity we focus on a measure 
for z,, though any z, could be chosen. Parti- 
tion the commodities such that z= (2), Z) 
where Z = (Z),..., Z, ). Derive an expenditure 
function conditional on the level of z, (as 
though z, were temporarily fixed) such that 


(4) E(z,,r,u°) 

= min{C(z,, Z,r)\u? = u(2,,2)}. 
By the envelope theorem, 
(5) dElzy 7, w\/az, 


= = (nui ( 2h zene yas Faeyr) 


where z* = Z*(z,, r, u°) are adjusted optimal- 
ly as z,, r, and w° change. The first term on 
the right is the compensated marginal value 
function for z,.' The second term is the 


"It might be argued that one can integrate this in- 
verse compensated demand function back to the dis- 
tance function and then use the distance function to 
derive the Marshallian marginal value function (see, for 
example, Angus Deaton and John Muellbauer, ch. 2). 
Consider the distance function d(z, uv). Then 


dd(z,u°)/dz, = MV,(z, u°), 


where MV, is the normalized marginal value function for 
z,, 1.€., the proportion of income one is willing to pay for 
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marginal cost of producing z,. Since expres- 
sion (5) reflects the change in expenditures 
necessary to maintain utility level u° as z, 
increases, this expression will be negative for 
z, <z*, the optimal quantity of z,. Note that 
when z, is adjusted optimally, expression (5) 
equals zero and the conditional expenditure 
function in (4) reduces to the traditional 
expenditure function, since 


(6) E(z*(r,u°),r,u°) =m(r,u°). 


Using the function E(z,,7r,u°), we can 
compute the compensating variation associ- 
ated with consuming zf. This measure re- 
flects the change in income which would 
keep the consumer at his initial utility level, 
a situation with no access to z,, if he were 
subsequently given the opportunity to con-_ 
sume z¥ at input prices, r, and given technol- 
ogy. The measure is calculated by integrating 
(5) from 0 to zf yielding 


(7) [28 (21.7.0?)/92] ae 
= E(z*,r,u°)— E(0,7,.u°). 


This expression is the negative of the area 
between the compensated marginal value and 
marginal cost functions for z,, where that 
area can be expressed as 


(8) A = {" [nu (2, Ze ts) 
0 
= C(2,, 24.8) dz. 


Thus graphical measures of welfare exist in 
concept in the commodity market. 


another unit of z;. By letting u° = u(z), we have 
MV,(z,u°) = MV,(z,u(z)). 
The term MV, changes with Zz; as 
dMVi(z,u(z))/dz; = MV, ,(z,u°)+ MV,yu,. 


This equation is an Antonelli decomposition for price- 
dependent demand equations. The right-hand side is 
composed of a utility constant slope and real income 
effect. Note, however, that in the household production 
framework, u;=AC,(z,r), so that the decomposition 
implies 

dMVi(z,u(z))/dz;= MV,,(z,u°)+ MV,,AG(z,r). 


Thus, each cost function C(z,r) implies a different 
slope for the Marshallian demand function. 
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The ultimate task of this section is to 
evaluate a change in an exogenous factor in 
the household production framework. In our 
illustration, let the exogenous factor be a 
publicly supplied or regulated good, a, that 
affects the production or consumption of 
a household commodity. In keeping with 
standard welfare analysis, we interpret the 
compensation necessary to keep an individ- 
ual at a given utility level after a change in a 
as a money measure of the associated welfare 
change. 

Suppose that @ is an environmental good, 
such as the water quality of a lake. Then it 
will enter the utility function directly and be 
complementary with some commodity which 
we shall denote z,, such as lake recreation. In 
this case, utility will be a function of @ and z. 
Alternatively, if a is a public health project 
or child care facility, it may be more ap- 
propriately viewed as an input into the pro- 
duction of some z,, such as family health or 
child quality. Now a will enter the trans- 
formation function (i.e., ¢(z,x) becomes 
1(z,x,a)). In either case, the household’s 
expenditure function will depend on a. 

When u°® is the initial welfare level, the 
compensating variation of a change in the 
parameter vector from @° to a’ is given by 


(9) CV=m(r,u®,a’)—m(r, u°, a°). 


Compensating variation is negative for an 
increase in @ and positive for a decrease, 
when a is a desirable public good. Since the 
measure in (9) is not directly observable, we 
seek a means of evaluating the welfare et- 
fects of the changes in @ from information 
on the production and consumption of the 
associated commodity z,. The equivalence 
between compensating variation measures of 
zt and areas in commodity space suggests a 
useful approach. From the results above, we 
know that the difference in the areas be- 
tween the marginal value and marginal cost 
functions evaluated for «° and a’ will be 
equivalent to 


(10) po lae(a, 1 u’,a’)/dz,| dz, 


= [TO [aE(2,,7, 0, a°)/ 92] da. 
0 
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Expression (10) can be written as 
(11) E(z¥(a’),r,u°, a’)— E(0,r, u®, a’) 
- E(z¥*(a°),r,u°,a°)+ E\ Os. us, @). 


However, analogous to equation (6), the con- 
ditional expenditure function E(-) evaluated 
at the optimal value of z, is equivalent to the 
usual expenditure function m/(-), so that (11) 
becomes 


(12) m(y,u’,a)— mir, ua) 
— E(0,r,u°, a’)+ E(0,r, u®, a). 
Thus when 


(13) tb (Ore Gio = EO, ra hy 


the compensating variation associated with a 
change in a can be measured by changes in 
the area behind compensated demand and 
marginal cost curves for z,. That is, expres- 
sion (12) which equals this area collapses to 
the correct measure of welfare change given 
by expression (9). 

When a enters the household’s preference 
function directly, a sufficient condition for 
(13) to hold is that a be weakly complemen- 
tary to z,. Karl-Goéran Maler has defined 
weak complementary as follows: “If the de- 
mand for a private good is zero, then the 
demand for some environmental service 
[public good] will also be zero” (p. 183). 
Thus weak complementarity is consistent 
with the condition du(0, Z,a)/da=0, which 
implies that the individual is indifferent to 
varying levels of the exogenous good when 
he does not consume z,. Alternatively, when 
a@ serves aS an input into the production 
process, condition (13) will hold automati- 
cally if a is only an input in the production 
Ot Ay 

This section demonstrates that the com- 
pensated marginal value and marginal cost 
functions generated by the household pro- 
duction approach have normative signifi- 
cance and can be used to capture the welfare 
effects resulting from a change in exogenous 
factors affecting either tastes or technology. 
However, these results are of minimal value 
if there is no means of observing utility-con- 
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stant marginal value functions. The usual 
approximation by means of consumer's sur- 
plus as well as the possibility of deriving 
exact measures of compensating variation 
from the Marshallian demand curve are pre- 
cluded as well since that curve is not uniquely 
defined. 


III. Welfare Analysis in the Goods Market 


While the commodity space of the house- 
hold production framework provides concep- 
tually valid welfare measures, our inability to 
observe Marshallian approximations of these 
measures makes normative analysis difficult. 
In this section we use goods space to derive 
equivalent and conceptually valid, but em- 
pirically feasible, measures of welfare change. 

Recall that the expenditure function can 
be derived as 


m(r,u°,a) = min{r-x|u° = u(z, a)) 
x 


where z for any x vector satisfies ¢(z, x, a) =0 
and m(r,u°,a’)— m(r,u°,a°) is a money 
measure of the welfare effects of a change in 
a. Since expenditures are linear in x's, the 
compensated demand for some input x, is 
the derivative of the expenditure function 
with respect to r;: 


Om r,t .a)/ Or, =x, (r, u°, a). 


Define 7,(7,u°, a), where 7 =(r,,....1,), 
as the price that induces zero-compensated 
demand for x,; that is, x,(7,,7,u°, a) =0. 
Note that 7, depends on the utility level u°, 
the level of the public good a, and prices 7, 
although these arguments will be supressed 
for simplicity. The area under the com- 
pensated demand curve for x, is therefore 


(14) A = ["x(r, u°,a) dry, 


us) 
= = 0 VY = 
=m(F,,7,u",a)—m(r), 7, u", a), 


where (r;’, 7) is the prevailing price vector. 
By definition, compensating variation for 

a change in a is given by expression (9), but 

this expression is not directly observable. 
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Our task is to demonstrate the conditions 
under which expression (9) can be derived 
from the area in the goods market given by 
(14), an area which if not observable can be 
approximated from its Marshallian counter- 
part. The change in the area behind the 
compensated demand function for some x, 
caused by a change in a from @° to a’ can be 
expressed as 


(15) AA= jialic u°, a’) dr, 


at (eta ears 
If 
(16) m(F,,F, uo, a) = mr, Fale cd), 
then AA=m(r,u°,a’)—m(r,u°,a°). 


Thus when (16) holds, the welfare effect of a 
change in a can be measured exactly in the 
goods market. 

Expression (16) requires that the individ- 
ual be indifferent among different levels of 
the public good when x, is not purchased. 
Sufficient conditions for (16) to hold are that 

(i) a is complementary to a subset of z 
denoted z, such that du /da=0 if z, =0, for 
alli in A; 

(ii) x, is an essential input in the pro- 
duction of all z;, for all i in A. Writing the 
transformation as a generalized production 
function for z; implies z; = 1*(Z, x), where Z 
is the vector of all other z’s. The essentiality 
of x, implies 0 = ¢*(Z,0, x5,..., x,,) for all Z. 

The intuition of condition (7) is that when 
the price vector induces no units of x, to be 
purchased, z, cannot be produced, and with 
no z,, the individual is indifferent among 
different levels of a. If @ enters the prefer- 
ence function, condition (i) implies weak 
complementarity between a and z,. If, in- 
stead, a enters the production function only, 
condition (/) holds trivially. 

In addition, x, must be an essential input 
into the production of the z,. Expression (16) 
can hold even when x, is nonessential in the 
production of commodities which are unre- 
lated to a. However the measure is incom- 
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plete if a is related to commodities, either 
through production or conSumption, for 
which x, is nonessential. Consequently if we 
can conceptually measure the change in some 
commodity space, we can measure it in goods 
space as well, as long as an essential input to 
that commodity can be identified. 

Welfare measurement in the household 
production framework gives further insight 
into the concept of weak complementarity 
which has played a crucial role in measuring 
the demand for public goods from market 
data. V. Kerry Smith argues that since weak 
complementarity describes a link between 
arguments of the preference function, it must 
be assumed and cannot be tested. He ob- 
serves that behavior that appears to be con- 
sistent with weak complementarity between a 
public and a private good may instead be the 
result of technical links between these goods. 
However, in the household production 
framework, Smith’s distinction between links 
of technology and tastes is unnecessary. Both 
technology and tastes affect the household’s 
decisions regarding z and thus both affect 
demand for goods as inputs into the produc- 
tion of z. Conditions (i) and (ii) demon- 
strate that it does not matter whether the 
link between the public good and the pro- 
duced commodity is through the preference 
or production function, as long as the public 
good is of no value when the commodity ts 
not produced. 

This approach represents an advancement 
in the art of valuing public goods in the 
household production framework on two 
counts. First, by focusing on goods rather 
than commodities, it avoids the ill-defined 
Marshallian commodity demands. Second, it 
does not require that technology be known 
as Hori’s approach does. All information 
about technology necessary to derive the 
value of a public input is embodied in the 
derived demand functions for goods. 

This section demonstrates that when cer- 
tain conditions are met, the welfare changes 
resulting from the change in an exogenous 
variable can be measured as areas behind 
Hicksian demand curves for goods. This re- 
sult is an important corollary to the general 
results of Just and Hueth, and of Just, Hueth, 
and Schmitz, who demonstrate the duality of 
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surpluses in factor and product markets for 
competitive firms. The equivalence of welfare 
measures in alternative markets depends on 
the input or output in question being “neces- 
sary.” That is, when prices are such that the 
input is not hired or the output is not pro- 
duced, the firm must be assumed to shut 
down. We show that parallel conditions on 
the essentiality of goods as inputs in the 
household technology allow us to value 
changes in public goods in the household 
production framework. 


IV. Conclusion 


This paper develops an approach for 
welfare measurement in the household pro- 
duction function framework. While the 
household production function offers almost 
no testable hypotheses involving the produc- 
tion and consumption of commodities, wel- 
fare measures in commodity space do exist. 
However because the Marshallian demand 
curve 1s not well defined, it is not possible to 
estimate this demand curve. As a conse- 
quence, the practice of approximating welfare 
changes as the area under Marshallian de- 
mand curves is precluded. Hence, welfare 
measurement using commodity demand 
functions is not feasible in the household 
production framework. 

The use of purchased goods in the produc- 
tion of commodities provides an Opportunity 
for measuring welfare changes. When a good 
is essential in the production of a commod- 
ity, and a publicly controlled resource is 
complementary to the commodity, changes 
in the area under the Hicksian demand curve 
for that good can be interpreted as welfare 
measures of changes in the public resource. 
Thus an alternative and feasible means of 
measuring welfare change is provided for the 
household production function framework. 
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I. INTRODUCTION 


A safe, reliable, and inexpensive drinking water supply is one of the 
easiest aspects of modern life to take for granted. Yet, water supplies can 
and occasionally do become contaminated, in which case an exposed 
household is confronted with a dilemma: Either continued consumption of 
the contaminated water, risking illness thereby, or securing an alternative 
source, perhaps at great cost and inconvenience. 

Preventing contamination is costly as well, and may involve tradeoffs 
with other social objectives. Thus, decisions on water treatment require 
economic analyses similar to those that arise with other water resource 
investments: a comparison of a stream of present and future costs with a 
stream of future benefits that are uncertain and difficult to quantify. 
Nonetheless, drinking water benefit estimation is underdeveloped method- 
ologically. Previous studies of the economic losses or damages of a disease 
outbreak (such as Schwab [14], Levy and McIntire [11], Baker ef al. [1}) 
have been ad hoc in their approach and were also forced to rely on data 
gathered for other purposes.! 

An outbreak of a waterborne disease gives rise to two categories of 
damages for which methods are particularly underdeveloped. The first 
category consists of morbidity losses. Until recently, most health-related 
benefit estimates have been concerned with mortality. However, it is clear 
that morbidity losses can also be important, even in cases where mortality is 
the major interest. As we shall see, valuation of morbidity raises difficult 
issues regarding the valuation of time and the direct disutility of illness, 
issues that are irrelevant for mortality valuation. 


‘Tt should be kept in mind that the damages of a contamination episode are not the same as 
the benefits of an investment in water treatment technology. To transfer the former into the 
latter, one also needs to know the likelihood that a contamination episode will occur in 
the absence of any preventative action. In this paper, we are concerned exclusively with the 
damages of a contamination episode. 
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The second category consists of losses associated with the actions taken 
by individuals to reduce their exposure to environmental contaminants. 
While averting behavior can arise in a wide variety of contexts, it is 
particularly important for drinking water contamination, where the avail- 
ability of close substitutes gives people an alternative to acceptance of 
illness. These substitutes can, however, be costly. The valuation of averting 
behavior requires the determination of a relationship between averting 
expenditures, which can be observed, and willingness to pay, which cannot. 

This paper considers the valuation of consequences of a water contami- 
nation episode that arise in the household sector of the economy, that is, 
those directly related to individual illness or to the responses of individuals 
or households to a contaminated water supply. The incidence of these 
effects may be felt outside the household sector, as when illness-induced 
work loss affects the supply of goods and services through lost production 
and government through lost tax revenues.* In the next section, we describe 
methods for evaluating the economic damages of a waterborne disease 
outbreak, based on individual willingness to pay. These methods are then 
applied to the estimation of the losses resulting from an outbreak of 
waterborne giardiasis in Luzerne County, Pennsylvania in 1983-1984. 


Il. VALUATION THEORY 


In this section, we describe a model of individual utility maximization 
from which we derive an expression for the losses due to an environmental 
pollution episode such as contaminated drinking water. Before discussing 
this model, however, we need to be clear about the relationship between 
individual losses and social welfare. 

By definition, the social benefit associated with a change in the environ- 
ment is the sum of each individual’s willingness to pay for (or to avoid) the 
change. For most applications, it is sufficient to examine the effects on the 
individuals directly affected by the change. Thus, for example, the evalua- 
tion of a new recreation area can often be limited to consideration of the 
consumer surplus changes among recreation participants. 

Evaluation of morbidity (or at least its employment effects) is not so 
simple, because illness affects the individual’s contribution to social welfare 
through absence from work. The social value of lost work is greater than 
the individual’s take-home wage, and affects not only the individual but 
also his employer, the customers, and the rest of society as well. Estimation 
of these losses and their distribution would mire us in a swamp of detail 
involving production and marketing relationships, as well as institutional 
considerations such as the availability of paid sick leave or medical insur- 


Other losses, arising from the responses of businesses and other institutions, will not be 
considered here, but are discussed in Harrington et al, {9}. 
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ance. To avoid these complications, we assume that the individual is 
self-employed, so that-the individual’s interest and the employer’s interest 
are identical, and that the before-tax wage is an adequate representation of 
the social value of lost work. The “before-tax” stipulation is made because 
the losses to the individual are based entirely on the after-tax wage. After 
we describe the losses to the individual we will make an adjustment to 
account for the broader social losses as represented by the lost tax revenue. 

The model described below extends the earlier work of Harrington and 
Portney [10] to take into account the fact that illness may also affect worker 
productivity even on days when work is not missed. This element is 
important in estimating the losses associated with a lingering or intermit- 
tent illness. 

Suppose an individual combines leisure time L and expenditure X on 
goods to produce satisfaction. Suppose also that the individual cannot 
control the level of contamination P, but can at least partially fend off its 
effects through defensive expenditures D, as in the utility function 


U*(X, L, D; P) = F(D, P)U(X, L), (1) 


where F is one’s “productivity” in producing utility, 0< F <1. We 
assume Uy, U, > 3 Uyy; Upp < 0; Fp > 0, Fe <0, Fpp < 0, Fop < 0. It is 
assumed that this productivity factor affects one’s work performance and 
therefore wage income since the individual is assumed to be self-employed. 
In addition, it is possible for the contamination to make the individual sick 
enough to be completely incapacitated. During the time the individual is 
under this condition he is unavailable for either work or leisure. Denote this 
“sick time” by S(D, P); as indicated, it is, like F, dependent or the level of 
defensive expenditures and the contamination level, where Sp) < 0, Sp > 
OF Span OFS pp > 0: 
The individual maximizes (1) subject to a time constraint 


La Wee (2) 


where W is work time and T is total time available, and a resource 
constraint 


I+wF(D,P)We>mS+ D+ X. (3) 


In (3) medical expenses mS are assumed proportional to duration of illness 
S, I represents nonwage income, and w is the rate at which income is 
produced from working in the absence of pollution-induced illness (which 
we refer to as the wage rate). In effect, we assume the individual is engaged 
in “piece work,” and hence pay is adjusted by the productivity factor F. He 
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may work as many or as few hours as he likes. Thus, the individual 
maximizes 

f=. BU Dame) 
+A\[1 + F(D, P)w(T-L-S)-D-X-~msS], (4) 


where the term in brackets is the “full income” constraint of Becker [3]. The 
first-order conditions are 


£,= F(D, P)U,-rA=0 (5a) 
£, = F(D, P)U, — \wF(D, P) = 0 (5b) 
£p = FU + AFpwW — XFwSp — X — AmSp = 0. (Sc) 


By considering the amount of additional income required to keep the 
individual on the same indifference curve, it can be easily shown that the 
individual’s marginal willingness to pay (WTP) to avoid a small increase in 
contamination can be expressed in terms of the derivatives of the indirect 
utility function V: 

Vp 


WISE (6) 


By the envelope theorem the derivatives of the indirect utility function are 
as follows: 


Van (7a) 
Vp = FLU + \FpwW — XFwSp — AmSp. (7b) 
Therefore willingness to pay can be written 


F,U F s 
WTP = -(= + FowW) = + (FwS, + mSp) 5. (8) 


Now consider the total change in sick time and productivity with a change 
in contamination: 


dS dF 
7p Spe Sp ap hop F,; 
Or 
Ss i ea ee ee 
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Substituting these expressions into (8), we have 


Oar. dF dS dS 
5 WE ee + Fwos sala ee 


WTP = aP 


FU 
lene + FywW — FwS, - mSp) Dp. (9) 


From (Sc), the bracketed expression in (9) is equal to 1. Also, by differenti- 
ating (2) we have L, + W, + dS/dP = 0. Therefore, 


cero eeeeuae dF 


dS 
Nap wip fp FWD, want a (10) 
As noted above, to obtain the social welfare losses associated with 
individual illnesses, we need to add to (10) the lost tax revenue associated 
with lost work. Hence, if G represents individual income taxes and SW 


social welfare, then 


asw dG 
Sh ap: 


(The sign is negative because dG/dP represents the reduction in tax 
revenues.) If w* is the wage rate before taxes (i.e., individual productivity in 
the absence of illness), then we can write taxes collected as 


G = F(w* - w)W, 
so that 


dG 

dP 

The marginal loss of social welfare associated with individual response to 
increased contamination is therefore 


= a (w* —w)W + F(w* — w)W,. 


ao ae = ae (direct disutility of illness) 
z ee (lost work productivity, 
dP evaluated at the before-tax wage rate) 
Ree (lost work time evaluated at the 
won di before-tax wage rate) 
egg (the value of lost leisure, evaluated 
whe at the after-tax wage rate) 
+m ae (medical expenses) 


+D, (defensive expenditures). (11) 
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- No action taken to avoid - Measures taken to avoid 
contamination contamination 
- Many individuals become ill - Fewer individuals become 
due to exposure ill, to the extent 
avoidance measures are 
effective 


ce 


Fig. 1. Damages in a contamination episode depend on individual actions 
and knowledge. 


One noteworthy aspect of this result is that there is no lost “leisure 
productivity” term corresponding to the lost “work productivity” term 
w*WdF/dP. In this model, the individual by assumption receives less 
satisfaction when illness strikes, but this effect is captured in the first term, 
the direct disutility of illness. 

To apply this model to a contamination episode, we proceed as follows. 
The most important events in estimating losses to individuals are the time 
at which the water supply becomes contaminated, the time at which the 
contamination becomes known to the public, and the time at which 
contamination ends. These three events define two intervals during which 
individuals have different information, and hence behave differently. These 
differences, in turn, affect the nature of the damages incurred, as illustrated 
in the “time line” in Fig. 1. 

In the first interval, individuals incur no incremental avoidance costs 
because they are unaware of anything to avoid. Therefore D, = 0 in (11) 
above, and our estimate of losses is found by evaluating the other terms.? 

In the second interval, individuals can avoid illness by taking averting 
action. Thus, the losses associated with reduced productivity or incapacity 
owing to illness are less important, and defensive expenditures correspond- 
ingly more important. Indeed, in the second interval, where near-perfect 
protection is possible, we assume that the only nonzero term of (11) is Dp. 


*Caution is in order, however, because error may be introduced if these marginal conditions 
are used to evaluate a nonmarginal change. For example, inframarginal hours of leisure are in 
all likelihood more highly valued than those at the margin. For life-threatening or chronic 
illnesses requiring a lengthy convalescence or major life-style changes, this underestimate is 
likely to be a major source of error. However, for acute nonlethal infections, such as giardiasis, 
we believe that this effect is of minor importance. 
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Unfortunately, D, is for two reasons an inadequate guide for estimating 
losses in the second interval. 

First, the model suggests that there is a substance “D” that can be 
bought which protects against illness. In fact, people respond to water 
contamination by changing their consumption pattern— mainly substituting 
water from a safe source for that from the contaminated source. In this 
context, “averting behavior” consists of either securing water from an 
uncontaminated source or treating the contaminated tap water, for exam- 
ple, by filtering or boiling. Because consumption of some goods (bottled 
water, for example) changes from zero to some positive amount, the 
assumption of an interior maximum made in the preceding model is no 
longer valid. Second and more importantly, avoidance of contaminated 
water for drinking represents such a major change in household activities 
that extrapolation of willingness to pay from the marginal conditions does 
not seem justified. 

By making two assumptions that do not seem unreasonable for the 
problem of drinking water contamination, we can derive an expression that 
gives observable upper and lower bounds for the willingness to pay to avoid 
environmental contamination. Those assumptions are (i) that the household 
adjusts its consumption so that there is no increase in exposure to the 
contaminating substance, and (ii) tap water and its alternative, bottled 
water, are perfect substitutes when contamination is not present. 

With these assumptions, it can be shown that the damages A to a 
household when the contamination level increases from Py) to P, can be 
bracketed as 


(Pp — pz)(Z( Pp) od Z(P,)) > A> (pp- Pz) BP), 


where pz, and pz denote the prices of bottled and tap water, respectively, 
and Z(-) and B(-) consumption of tap and bottled water as a function of 
the contamination level P. This result is demonstrated formally in 
Harrington ef al. [9], but it can be understood informally by considering 
Fig. 2. 

The bottom quadrant on the diagram in Fig. 2 shows the relationship 
between the concentration of contaminant P and tap water consumption 
Z. Initially it is assumed that bottled water consumption is zero; Le., 
B(P,) = 9. As the level of contamination increases, Z decreases as individ- 
uals act to avoid contamination (or to keep contamination constant). This 
decrease in Z is inconvenient, and people would therefore be willing to pay 
a price greater than the normal price of tap water, pz, in order to obtain 
additional safe water. The upper quadrant gives the relationship between 
tap water consumption Z and this price premium. As the contamination 
level increases, the price premium increases until it reaches pz — pz, the 
price difference between bottled water and tap water. This occurs at the 
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¥ Pp (price premium) 


Pa- Pz 


Z (quantity of tap water) 
Po 


uv 


Py 


P (concentration of contaminants) 


FIGURE 2. 


contamination level P, and water consumption Z. With further increases in 
contamination, tap water consumption continues to fall. The premium does 
not increase, however, for the household does not have to pay more than p, 
to purchase bottled water. With contamination at P,, tap water consump- 
tion falls to Z,. As shown in the figure, the bottled water consumption B 
may be less than the decrement in tap water consumption, Z — Z,. 

The “true” willingness to pay to avoid a change from Py to P, is the area 
under the premium curve in the upper quadrant, or the areas marked A,, 
A,, and A,. The lower and upper bounds mentioned above are, respec- 
tively, A, and A, + A, + A, + A,.* For a linear demand curve, the WTP 


‘The premium curve is, in effect, the (Hicksian) demand curve for clean water. The 


Marshallian demand curve passes through the points Z) and B,, as indicated by the dotted 
line in Fig. 2. 
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is found by averaging the upper and lower bounds. In the empirical work 
below, this is referred-to as the “best estimate.” 


Ill. GIARDIASIS IN LUZERNE COUNTY, 
PENNSYLVANIA 


Giardiasis, currently the most common waterborne disease in the United 
States, is caused by the protozoan parasite Giardia lamblia.> Although 
seldom fatal, giardiasis can be an unpleasant and temporarily debilitating 
diarrheal disease (Wolfe [18]). In a few rare cases, hospitalization for 
dehydration may be necessary. Although the acute stage generally is thought 
to last only 3 to 4 days, untreated giardiasis often develops into chronic 
infection, characterized by recurrent periods of acute illness lasting several 
days. This stage may last for months (Craun [6]). Indeed, it is the intermit- 
tent nature of giardiasis, together with the patient’s failure to develop a 
fever, that distinguish giardiasis from many other gastroenteric illnesses. 

The most serious public health problem associated with Giardia is its 
potential for contaminating public water supplies, for Giardia is notably 
resistant to chlorination. Giardia cysts in human and animal feces deposited 
in upland watersheds eventually find their way to watercourses where they 
are transported to water supply intakes. Once in the water distribution 
system, the cysts can be consumed by humans unless adequate water 
treatment is provided. 


The Luzerne County Outbreak 


During the late fall of 1983, an increase in the incidence of giardiasis 
among residents of a number of small communities near Wilkes-Barre, 
Pennsylvania was linked to drinking water. 

By late winter, a total of 370 confirmed cases of giardiasis had been 
reported to the Pennsylvania Department of Health, making this outbreak 
one of the largest ever recorded in the United States in terms of confirmed 
cases. On December 23, 1983, about 25,000 households served by the 
contaminated reservoir were advised by the authorities to boil their drink- 
ing water until a safe drinking water supply could be made available. By 
reconfiguring the water distribution system, the water utility was eventually 
able to supply safe drinking water to the affected areas. For about half the 


SBetween 1965 and 1982, fifty-four outbreaks of giardiasis were reported in the United 
States, ranging in size from a few to as many as 5000 suspected cases. In 1980, the Center for 
Disease Control in Atlanta reported 11,000 cases of giardiasis. This was probably an underesti- 
mate because states with the strongest giardiasis detection programs report the largest number 
of cases. It is suspected that many cases, and even some outbreaks, go unreported. Nonethe- 
less, both the number of outbreaks and the number of cases being reported have been on the 
rise since 1970. The extent to which this is due to an increased familiarity with the disease or a 
genuine increase in exposure and disease incidence is not known. 
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households, the boil-water advisory was lifted on March 30, 1984, after 99 
days. The last households were removed from the advisory on September 21 
(274 days), following completion of a new water supply line. 

While on the advisory, households had other options beside boiling 
water. They could also buy bottled water at local supermarkets, or they 
could pick up free water supplied by some local governments at fire stations 
and other public facilities. 

The theory described in Section II is used to estimate the welfare losses 
resulting from the Luzerne County episode. Corresponding to the two 
intervals in Fig. 1, two categories of losses are discussed—losses due to 
illness and losses due to actions taken by individuals to avoid drinking 
contaminated water. Estimates of losses are presented for three scenarios 
differing by the wage rates used to value loss of work and loss of leisure 
time activities due to illness, and by the time spent on averting activities, 
such as boiling water and obtaining bottled water. 


IV. ESTIMATING LOSSES DUE TO ILLNESS 


In September 1984, the Pennsylvania Department of Health (DOH) 
mailed a questionnaire designed by the authors to the 370 individuals in 
Luzerne County with confirmed cases of giardiasis. The purpose of the 
questionnaire was to gather data to estimate the costs incurred by those 
who were ill. 


Description of Survey Data 


Table 1 provides descriptive statistics for the 176 respondents in the 
sample that were used in the analysis of the costs of illness. Compared to 
the population of Luzerne County as a whole, the sample slightly overrepre- 
sents females and employed persons, but is otherwise fairly similar. As 
shown, an elevated incidence of giardiasis first was observed in October 
1983 and peaked in December. A month after the issuance of the boil-water 
advisory, the occurrence of new cases practically disappeared. 

Note that we asked for work lost not only of those in the labor market 
but also of persons doing household work. “Caretakers” are those who had 
to miss work to take care of sick children. Note that average work loss was 
twice as large for homemakers as for the employed (outside the home).® 
The “productivity loss” entries at the bottom of the table are related to the 
large discrepancy between duration of illness and work lost. Evidently 
people continued to go to work on most of the average of 63 days they 


6 : A ‘ 3" . 
This finding is not surprising. An employed worker, in contrast to a homemaker, foregoes 


either income or the opportunity to take future sick leave when he or she Stays at home due to 
illness. 
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TABLE 1 


Descriptive Statistics for Survey of Confirmed Cases of Giardiasis 
in Luzerne County, Pennsylvania 


Survey data 
Number surveyed® 370 
Number returned by November 1, 1984 182 
Number used in the analysis 176 
Response rate (%) 49 
Sample description 
Percentage male 42.4 
Percentage female 57.6 
Age distribution (%) 
0-6 6.7 
7-12 2.8 
13-20 6.7 
21-30 19.2 
31-40 253 
41-50 16.9 
51-60 jy p2 
> 60 ode 
100.0 
Status (%) 
Employed 58.7 
Homemaker PS? 
Student D9) 
Preschool 47 
Retired 6.4 
Unemployed _ 46 
100.0 
Pretax personal income (dollars per year) 
Median income group 7500-12,500 
Maximum income in sample 75,000 
Standard 
Disease characteristics of sample Average deviation Maximum 
Mean length of illness (days) 63.0 365 
Median length of illness (days) 30.0 
Percentage with 
continuous symptoms 65.9 
Percentage with 
intermittent symptoms 34.1 
Mean length of illness 
If continuous (days) 41.6 45.5 310 
If intermittent (days) 85.0 OBnO 365 
Well days 23.1 
Net sick days 61.9 76.6 300 
Weight lost (pounds)? 9.0 34 
Mean number of visits to doctor 2.0 11 
Mean number of days in hospital 0.5 14 
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TABLE 1—Continued 


Disease characteristics of sample Average Maximum 


Percentage of confirmed cases first reported (by month) 
October, 1983 15.0 
November 10.8 
December 64.5 

December 1-23 54.8 
December 23-31 Oeil 
January, 1984 8.6 
January 1-14 6.5 
January 15-31 2.1 
February PES 
Total 100.0 
Medication (prescriptions per confirmed case) 
Flagyl - at. 
Atebrine 0.1 
Furoxone 0.04 
Other 0.2 


coNnm WB Ww 


Economic effects* Average Maximum 


Work loss days 
Employed 6.3 60 
Homemakers 27, 90 
Caretakers 

Employed 0.4 
Homemakers 12.0 

Productivity loss (%)4 
Workers 30.4 
Homemakers 34.0 


“Questionnaires were mailed on September 13, 1984 to the 370 confirmed cases of giardiasis 
in Luzerne County. 


The questionnaire asked respondents how many pounds they lost as a result of their illness. 
It is possible that some respondents interpreted this question as asking for permanent weight 
loss, i.e., after taking into account any weight gain in the period following their illness. As the 
average weight loss of 9 Ib in the RFF survey matches closely the 10-lb average offered in the 
clinical literature, we conclude that few respondents interpreted the question this way. 

“Virtually all respondents reported that their leisure activities had also been affected. 

“Average percentage loss in productivity for days ill but at work (subjective estimates). 


reported symptoms. On the questionnaire, we asked respondents to esti- 
mate the extent to which their effectiveness as a worker suffered due to 
illness. While this procedure is subjective, it addresses a real economic 


consequence of illnesses of this sort. 
Procedure Used to Estimate Losses 


We estimated losses in nine categories: doctor visits, hospital visits, 
emergency room visits, laboratory tests, medication, time and travel losses 
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associated with medical treatment, work loss, work productivity loss, and 
leisure time loss. The first six are costs associated with medical care. The 
last three correspond to terms in (11). (Of the remaining terms in (11), the 
direct disutility of illness is not estimated and defensive expenditures are 
zero.) Lost work time is estimated based on data in the survey. No 
questions were asked about lost leisure time, but it was assumed that one 
was as likely to be incapacitated during leisure time as during working 
hours. 

The losses in many of these categories depend to a considerable extent on 
the value of time—mainly the time spent ill but also time spent seeking 
medical care. Following Becker [3], lost work time by those in the paid 
labor force was valued at the hourly wage rate before taxes for the sample 
of confirraed cases (on average, the rate was $8.09 per hour). The hourly 


TABLE 2 


Average Losses for Confirmed Cases of Giardiasis in Luzerne County, Pennsylvania 
(1984 Dollars per Confirmed Case) 


Scenario” 
Loss category A B (eC 
Direct medical costs 
Doctor visits 36 36 36 
Hospital visits 100 100 100 
Emergency room visits Ay 27 Di 
Laboratory tests 63 63 63 
Medication 28 28 28 
Subtotal 254 254 254 
Time costs for medical care? 18 15 12 
Value of work loss days 359 271 209 
Cumulative subtotal 631 540 475 
Loss of work productivity 371 316 278 
Loss of leisure time PES) 166 105 
Total 1255 1022 858 


“Assumptions for scenarios. Scenario A: Implicit after-tax wage rate of the unem- 
ployed, homemakers, and retirees equal to $6.39 per hour (average after-tax wage rate of 
employed persons in the sample). This estimate is not far from Cooper and Rice’s 1977 
estimate of the hourly value of household work ($6.08 in 1984 dollars) [5]. Scenario B: 
Implicit after-tax wage rate of the unemployed, homemakers, and retirees equal to $2.65 
per hour (our estimate of the after-tax minimum wage). Scenario C: Implicit after-tax 
wage rate of the unemployed, homemakers, and retirees equal to $0. After-tax wages are 
the before-tax wages times 0.79 (see footnote 7). 

’This includes both the value of time spent to obtain medical care and the costs of 
travel. 
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wage rate for employed persons in our sample was computed by dividing 
their reported before-tax annual (personal) income by the hours they 
worked per year. As explained above, leisure time losses were valued at the 
after-tax wage.’ 

Lost time of homemakers, retirees, and unemployed persons also has 
value, but for persons in these categories there is no labor market surrogate. 
We use three different values of time for such persons, denoting the 
resulting estimates by Scenarios A, B, and C. These values are given in 
Table 2. Losses of leisure time are estimated by multiplying three variables: 
the number of hours per day ordinarily available for leisure activities (the 
number of nonworking, nonsleeping hours), the real or implicit hourly wage 
rate, and the number of days a person was ill. 


Estimates of Average Losses Due to Illness 


Table 2 provides three estimates of the average losses for the confirmed 
cases of giardiasis in the sample. As shown, in all three scenarios the 
out-of-pocket costs for medical care are a small portion of the total. Time 
costs make up the rest, with the loss of productivity and leisure time 
accounting for more than half the loss. 


V. ESTIMATING LOSSES DUE TO AVERTING ACTION 


To obtain information on the actions taken by individuals in the out- 
break area to avoid contaminated water, fifty telephone interviews were 
made during September and October, 1984, with households chosen at 
random from the telephone book. 


Description of Survey Data 


Table 3 provides descriptive statistics for the RFF random telephone 
survey. As shown, households in the affected area chose a wide variety of 
strategies to ensure a safe drinking water supply. About one-half of the 
households (46%) either hauled water or boiled water, but not both. 
Virtually no one (2%) in the affected area relied on bottled water alone. 
Mixed strategies were popular. The households that hauled water obtained 


the largest quantity per week. No household in the sample installed a 
filtration system.® 


"Unfortunately, to convert before-tax to after-tax wage rates, we did not have the marginal 
tax rate of each household. In its stead we used the 1983 U.S. average tax rate on individual 
income (federal income tax, plus state and local income taxes, plus FICA) of 21% taken from 
the 1984 “Statistical Abstract” (U.S. Commerce Department, [17]). 

"although opportunistic entrepreneurs offered filtration systems for sale immediately follow- 


ing the outbreak, the Pennsylvania Department of Health refused to sanction such systems for 
either home or business use. 
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We computed uppef- and lower-bound estimates of the losses due to 
actions taken by the sample of 50 households to avoid drinking contami- 
nated water and averaged them to obtain a “best estimate.” As in the 
preceding section, time figured prominently in the damage estimates, and 
different assumptions regarding its value gave rise to alternative scenarios, 
again labeled A, B, and C. In this case, however, the scenarios involved 
another element, riamely the degree to which avoidance activities were 
performed jointly with other activities. For example, the true cost of hauled 
water is much less if picked up on the way home from work than if a special 


TABLE 3 


Descriptive Statistics for Telephone Survey of Averting Behavior in 
Luzerne County, Pennsylvania® 


Quantity 


Percentage (gallons per 
of Frequency household Percentage 
Strategy houscholds per week — per weck) —_ nonjoint? 
Strategy for obtaining water 
Haul water only 22.0 1.6 10.6 36 
Boil water only 24.0 Hs) 6.3 32 
Purchase bottled water only 2.0 NE, 5.6 16 
Haul and boil water 6.0 
Haul and purchase bottled water 18.0 
Boil and purchase bottled water 18.0 
Haul, boil, and purchase bottled water 8.0 
None of the above 2.0 
Total 100.0 
Substitution of other liquids 53.0 
Permanent change in water consumption 54.0 
Reports of undesirable changes in public 
water supply 
Pressure 17.0 
Odor 73.0 
Taste® 6.0 
Appearance 58.0 
Changes in dining out 
Increased 15.0 
Decreased 6.0 
No change 79.0 


Clinical attack rate 9.5% (14 cases out of a sample of 148 people) 


“Number of households contacted = 50. Average number of persons per household = 2.96 


(148 people in 50 households). 


’The activity was not performed jointly with a nonaverting activity. 
‘This estimate may be low because few people drank the public water supply after the 


boil-water advisory was issued. 
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TABLE 4 


Descriptions of Scenarios for Estimating Losses Due to Actions Taken by Individuals 
to Avoid Contaminated Water 


Percentage of 


population ; 
in affected Scenario 
area“ A B G 
Value of time (dollars /hour) 
Status 
Working adults* 45.6 6.39 6.39 6.39 
Homemakers 22.0 6397 Ness 0 
Retirees and disabled 19.5 6.394 2.65? 0 
Unemployed 5.0 Gr39e 2.65° 0 
Students 
> 16 and working 4.4 265° 2.65" 26S” 
> 16 and not working 3:5 po 0 had 
100.0 
Weighted average value of time 
(dollars /hour) 6.00 4.26 3.03 
Boil water is a joint activity@ No Yes Yes 
Haul water is a joint activity” No No No 
Purchase of bottled water is a joint activity® No Yes Yes 


Pre-outbreak water consumption 


(gallons per capita per day)/ 3.65 3.65 3.65 


“Average after-tax wage rate for working adults in the outbreak area with confirmed cases of 
giardiasis (before-tax wage times 0.79), in 1984 dollars. 

*After-tax minimum wage rate (before-tax wage times 0.79), in 1984 dollars. 

“Children less than 16 years old are excluded from the analysis. 

4“No” means the respondent’s answer is used in the computation. “ Yes” means the averting 
activity is assumed to be undertaken jointly with an ordinary activity. 

“Bottled water is valued at $.66/gallon when its purchase is assumed to be a joint event 
(Yes) and at $1.17 when it assumed to be nonjoint (No). 

Based on information in Baker (2], Solley [15], and Denver Water Department [8]. 


trip must be made. During the interview, we asked whether averting 
activities were usually performed jointly with ordinary activities. In the 
scenarios we either took respondents at their word or we assumed all 
averting activity was jointly undertaken. The assumptions for the three 
scenarios are summarized in Table 4. 

In all three scenarios, we do not value the aggravation and inconvenience 
of taking averting actions, nor do we value the fact that tap water is 
delivered under pressure or may have more (or less) acceptable odor, taste, 
or appearance than its alternatives. On the contrary, we assume that the 
alternative water obtained is equal in quality to uncontaminated tap water. 

Table 5 presents lower-bound, upper-bound, and best estimates of the 
losses associated with actions taken by individuals to avoid contaminated 
water in Luzerne County, for the three scenarios. 
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TABLE 5 


Average Costs of Actions Taken by Individuals to Avoid Contaminated Water 
during the Outbreak in Luzerne County, Pennsylvania (1984 Dollars) 


Scenario 
A B Ee 

Lower-bound estimate? 

Total cost per household 776.4 182.8 169.6 

Cost per person per day 1.81 0.43 0.40 
Upper-bound estimate’ 

Total cost per household 2304.4 852.4 800.0 

Cost per person per day 5.37 EIS 1.86 
Best estimate 

Total cost per household 1540.4 517.6 484.8 

Cost per person per day 3.59 1.21 1.13 


“The lower-bound estimate is based on the actual cost of the substitute water used for 
drinking, food preparation, and personal hygiene. 

The upper-bound estimate is based on the cost of replacing with a substitute source of 
water the quantity of water for drinking, food preparation, and personal hygiene that would 
have been used had the municipal water supply not been contaminated. 

“The best estimate is the average of the upper-bound and lower-bound estimates. 


As shown, the “best estimate” of averting losses to the average household 
range from $485 to $1540 or from $1.13 to $3.59 per person per day for the 
duration of the outbreak. 


Total Losses to Individuals in the Outbreak Area 


Earlier in this section, we presented a range of estimates of average losses 
for the 176 people with confirmed cases of giardiasis who returned the 
questionaire and for the 50 households who responded to questions about 
the actions they took to avoid drinking the contaminated water. The final 
step in this analysis is to estimate the total losses to the 75,000 people at 
risk in the outbreak area. 

The procedure used to estimate total losses due to actions taken to avoid 
contaminated water is straightforward. It assumes that the sample of 50 
households is representative of the 25,000 households in the affected area 
and involves multiplying the average total cost per household by the 25,000 
households at risk. Following this procedure, total lower-bound estimates of 
the losses due to averting activities for scenarios A, B, and C in Table 6 
range from $4.2 to $19.4 million; total upper-bound estimates of the losses 
range from $20.0 to $57.6 million. Our best estimates range from $12.1 to 
$38.5 million. 

Scaling up losses due to illness requires an estimate of the “attack rate,” 
the fraction of the population that contracted giardiasis. When the outbreak 
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TABLE 6 


Total Losses Due to Illness and to Actions Taken by Individuals to Avoid 
Contaminated Water (1984 Millions of Dollars) 


Scenario“ 
Loss category A B C 
Losses due to illness? 
Medical costs 1.07 1.05 1.03 
Loss of work ZS 1.63 1:25 
Loss of productivity and leisure time 3.78 2.91 2.31 
Total losses due to illness 7,00 5.59 4.59 
Losses due to averting actions® 
Lower-bound estimate 19.41 4.57 4.24 
Upper-bound estimate 57.61 DSL 20.00 
Best estimate 38.51 12.94 125 
Total losses 
Lower-bound estimate 26.41 10.16 8.83 
Upper-bound estimate 64.41 26.90 24.59 
Best estimate 45.51 18.53 16.71 


“The scenarios are described in Tables 3 and 5S. 

Estimated by multiplying average costs per confirmed case minus hospital costs by the 5630 
clinical cases (6000 total cases — 370 confirmed cases = 5630 clinical cases) and adding to this 
product the total costs of the 370 confirmed cases. 

“The lower-bound estimate is based on the actual costs to households of providing 
uncontaminated water for drinking, food preparation, and personal hygiene. This includes 
both out-of-pocket costs and some time costs (see Table 5). The losses due to individual 
averting actions are not likely to be less than this lower-bound. The upper-bound estimate is 
based on the opportunity costs of the tap water use foregone. This is a maximum estimate. The 
losses are not likely to be greater than this upper-bound. The quantity of uncontaminated 
water actually used is used to estimate the lower-bound. The quantity of water normally used 
for drinking, cooking, and dishwashing is used to estimate the upper-bound. The actual 
opportunity cost of tap water use foregone is likely to be between the upper and lower bounds. 
This is called the best estimate. The best estimate in this table is assumed to be the average of 
the upper and lower bounds and is computed as the lower-bound estimate plus one-half of the 
difference between the upper-bound and lower-bound estimates. 


was discovered, the Pennsylvania Department of Health conducted a ran- 
dom telephone survey to determine the extent and cause of the outbreak. 
Respondents were asked whether any family members had recently suffered 
symptoms of giardiasis (10 days or more of diarrhea). Positive responses 
were defined to be “clinical” cases of giardiasis. Since the attack rate inside 
and outside the area served by the contaminated reservoir was found to be 
9.5% and 1.5%, respectively, it was assumed that the incidence of giardiasis 
attributable to water supply contamination was the difference, 8% or 6000 
cases of giardiasis. 
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Use of the attack rate to scale up illness losses from the losses reported in 
the confirmed case survey requires the assumption that the confirmed cases 
are typical of all cases. This might not be so because an average clinical 
case may be relatively less severe than an average confirmed case. An illness 
is confirmed only when a person is sick enough to seek medical attention 
and willing to provide one, two, and perhaps even three, stool samples. 
Thus, an illness may be unconfirmed simply because a person does not feel 
sick enough to visit a physician and to submit a stool sample for laboratory 
tests. On the other hand, some physicians apparently prescribe medication 
to patients with giardiasis-like symptoms without taking stool samples, 
particularly after an outbreak has been declared. Thus, a clinical case may 
be no less severe than a confirmed case. 

Nevertheless, we assume that an average clinical case is just as severe and 
just as costly as an average confirmed case, with one exception: that anyone 
sick enough to be hospitalized for giardiasis-like symptoms would have 
been tested for Giardia cysts until a definite diagnosis was obtained. 
Therefore, before estimating losses to the clinical cases, we subtract hospital 
costs incurred by the confirmed cases and add them back after estimating 
the losses to the clinical cases. 

Based on these data and procedures, the total losses due to illness range 
from $4.6 to $7.0 million, as summarized in Table 6. The total losses to 
households for the three composite scenarios range from $8.8 to $64 
million. Additional, much smaller losses were also suffered by business and 
government. 


VI. RESEARCH NEEDS 


The usefulness of benefit analysis for policy applications depends in part 
on the accuracy of the estimates. Inasmuch as the estimates of total losses 
from the Luzerne County outbreak range, under various assumptions, 
between $11 and $68 million—approximately a sixfold difference—im- 
provements in the accuracy of such estimates would seem to be indicated. 
The need for improved estimates in particular cases, however, depends on 
the estimates of the costs of water treatment and on other factors. In the 
case of Luzerne County, the need to improve estimates of benefits is not as 
compelling as it might be in other cases because the estimates of the costs 
of water treatment are in the vicinity of the lower range of benefit estimates 
(Harrington et al. [19]). It would not take much refinement in the estimates 
of benefits to determine whether the benefits of water treatment exceed the 
costs. In other cases and in other situations, however, the overlap in the 
ranges of benefits and cost estimates might require substantially more 
precise benefit estimates. In this section, we describe the major sources of 
uncertainty in estimates of losses from the Luzerne County outbreak and 
indicate the research needed to improve the accuracy of estimates. 
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We believe the following areas contributed most to the uncertainty in the 
estimates of losses, and hence are important candidates for future research: 


© questionnaire design 

e extrapolation of survey results to the affected population 
e valuation of time 

e valuation of illness 


e valuation of anxiety. 


Questionnaire Design 


Although we were generally pleased with the results of the two main 
data-gathering instruments (the survey of confirmed cases and the survey of 
household averting behavior) there is room for improvement, 

For one thing, one might question whether the “productivity loss” 
questions produced meaningful results. Respondents may have been telling 
us how they felt physically rather than the impairment of their perfor- 
mance. The questionnaire needs to be improved to obtain more useful 
information on losses in productivity. 

In the household survey of averting behavior, we imposed time con- 
straints on the interviews to avoid taxing the patience of the interviewees. 
As a result, the interviews may have led to an oversimplification of averting 
behavior. Also, we were unable to obtain data to estimate the consumption 
of water in the affected area by specific use prior to the outbreak. Instead, 
we were forced to use national per capita consumption data. Finally, we 
were unable to obtain much insight into the substitution of other liquids for 
drinking water after the public water supply was implicated. 


Extrapolation of Survey Results 


Problems were encountered in extrapolating the results of the two surveys 
to the total population in the affected area. The most troublesome was the 
use of the average loss due to illness (minus hospitalization costs) calculated 
from the losses incurred by the confirmed cases to estimate the losses 
incurred by the clinical cases. This procedure could be improved by having 
a sample of persons with clinical symptoms, but without a confirmed 
diagnosis, complete the same questionnaire sent to the confirmed cases. 
This procedure would establish if there were significant differences between 
the losses due to illness in the two groups. 


Valuation of Time 


A major portion of the losses resulting from Luzerne County outbreak 
arises from the imputed value of time, rather than from out-of-pocket 
expenses. Thus, the valuation of time is critical. For lack of any better 
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information, we valued lost time at the individual’s wage rate, appropriately 
adjusted for taxes. Fortost work time, this requires the tenuous assumption 
that the wage rate equals the marginal value of an individual’s labor.® Using 
the wage rate (after taxes) to value leisure time activities assumes that 
workers are free to choose the quantity of work, even though for most 
people the length of the work day is fixed. Moreover, even with this 
assumption, the wage rate applies only at the margin. It is not clear how to 
value the inframarginal leisure hours likely to be at stake. Finally, less than 
half of the population are wage-earners. Yet there is little guidance on how 
to value the time of homemakers, retirees, the unemployed, and children. 
Only for homemakers do we have even a remote market proxy. 


Valuation of Illness 


The effects of illness extend beyond the time taken away from other 
activities. Illness also imposes direct discomfort that individuals would 
presumably pay to avoid. While indirect measures of this “pain and 
suffering” component may eventually emerge, it is more likely that useful 
information on discomfort will be obtained from direct questioning, as in a 
contingent valuation (CV) study. We believe that this will require a redirec- 
tion or expansion of current CV research on health impacts, which is for the 
most part concerned with the willingness to pay to reduce the risks of 
particular diseases, or the willingness to pay to take some policy action to 
reduce illness incidence. What is needed are estimates of the willingness to 
pay to avoid the actual consequences of a particular disease (rather than the 
increased probability of contracting it) (see Loehman and De [12] or Tolley 
et al. [16}). 


Valuation of Anxiety!® 


One final area where further research is indicated was brought to our 
attention as an incidental outcome of the survey of individual averting 
behavior. Over one-half of those who responded to the survey reported a 
permanent change in drinking water habits, even though the water supply 
had been declared “safe” by the Pennsylvania Department of Environmen- 
tal Resources. Whether such behavior is solely the result of the outbreak or 
whether, as some respondents suggested, the outbreak was “the last straw” 
in a series of incidents involving the local water supply would affect the 


°A recent study of waiting in line at gas stations concluded that on average the value of time 
apprommated the wage rate, but the variance was very high (Deacon and Sonstelie {7}). 

°What we call “anxiety” is a little different from the effect discussed in the literature (see 
Schechter and Heiman [13]), which is the willingness to pay simply to resolve uncertainty. 
While that effect may be present here, what is more prominent is the lack of trust in water 
quality and also in local institutions such as the water supplier. Perhaps “valuation of 
distrust” would be a better term. 
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estimate of the losses. More important, the lack of faith in the safety of the 
local water supply is itself a costly outcome of the Luzerne County 
outbreak. 
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COLLECTIVE-CONSUMPTION SERVICES OF 
INDIVIDUAL-CONSUMPTION GOODS * 


Burton A. WEIsBRop 


Certain commodities of a pure individual-consumption variety also possess 
characteristics of a pure collective-consumption good, 471.—In certain cases 
when individual-consumption goods cannot be provided profitably by private 
enterprise, it may serve the social welfare to subsidize their production, 
474.— Conclusion, 476. 


It is customary to distinguish individual-consumption (private) 
goods from collective-consumption (public) goods. To be sure 
these are polar cases; but to distinguish between them is to imply 
that a particular commodity cannot be at both poles. The principal 
objectives of this paper are: (1) to point out that a number of 
significant commodities exist which are apparently of a pure indi- 
vidual-consumption variety, but which also possess characteristics 
of a pure collective-consumption good; and (2) to discuss some 
implications of this observation, in particular showing that even if 
some apparently individual-consumption goods cannot profitably 
be provided by private enterprise it may serve the social welfare to 
subsidize their production. 

The main point to be made below involves (a) the infrequency 
and uncertainty of purchase of particular commodities, and (b) the 
cost (in time or resources) of expanding production once it has been 
curtailed. Thus, I begin by considering an extreme case of a com- 
modity the purchase of which is infrequent and uncertain, and 
production of which cannot be reinitiated at any cost once it has 
been halted and the inputs devoted to other uses. The commodity 
is a visit to a particular national park, such as Sequoia. Other 
illustrations will be discussed later and generalizations will be 
developed. 

Let us assume that the location of the park and its means of 
access are such that it is easy to charge an admission fee of all 
consumers (users, viewers). Assume further that the park is pri- 
vately owned, at least to begin with. (This assumption is useful 
for the following exposition, but it is not essential to the argument.) 

* I have benefited from comments by William Baumol and William 
Bowen on an earlier draft of this paper, and from discussions with T. Aldrich 


Finegan. This paper was written while I was Visiting Lecturer in Economics, 
and Associate in Research (Industrial Relations Section), Princeton Uni- 


versity, 1962-63 
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Next assume that the entrepreneur practices price discrimination 
among all park visitors, but that even so, total costs cannot be 
covered. There are no external economies of either production or 
consumption, at least in the usual forms. Finally, the commodity 
(service) is not storable; it cannot be purchased prior to consump- 
tion. Under these circumstances, allocative-efficiency considera- 
tions would dictate “closing” the park, assuming that private and 
social rates of discount are equal. Total benefits (revenue) falling 
short of costs, the “firm” should close down in the interest of effi- 
ciency, and its resources (trees, minerals) should be devoted to 
alternative uses.1 Needless to say, this recommendation disregards 
income distribution considerations and other social goals except 
allocative efficiency.” 

Such may seem to be the result of the usual Marshallian analy- 
sis. It is certainly true that a profit-maximizing entrepreneur would 
cease operating if all costs could not be covered — that is, if the 
present value of future costs exceeded the present value of future 
revenue. But it may be unsound socially for him to do so. To sce 
why, the reader need recognize the existence of people who antici- 
pate purchasing the commodity (visiting the park) at some time in 
the future, but who, in fact, never will purchase (visit) it. Never- 
theless, if these consumers behave as “economic men” they will be 
willing to pay something for the option to consume the commodity 
in the future. This “option value” should influence the decision of 
whether or not to close the park and turn it to an alternative use. 
But it probably will not exert any influence if the private market is 
allocating resources, because there may be no practical mechanism 
by which the entrepreneur can charge nonusers for this option. 
Schemes to charge them can be imagined, but noncoercive devices 
may be extremely difficult to implement.? In any event, the point to 


1. This view, with specific respect to national parks, is held by Milton 
Friedman. See his Capitalism and Freedom (Chicago: University of Chicago 
Press, 1962), p. 31. While the discussion here is in terms of current costs and 
revenucs, it should be clear that, in principle, what is relevant to the closing- 
down decision is the present value of expected future costs and revenues. 

2. Strictly speaking, another requirement, generally unfulfilled, for re- 
commending closing is that prices equal marginal costs throughout the economy. 

3. Since the option demand is automatically satisfied when the park 
operates, it will pay every potential user to mask his preferences in order to 
minimize his private cost. This, of course, is the usual problem of getting 
aoe to reveal their preferences for pure public goods (such as the 
option). 

_ Against this background of “uncooperative” consumers, the inability of a 
private entrepreneur to enforce payment by nonusers is likely to be a serious 
problem. An entrepreneur could conceivably tell people each year that they 
must pay a fee for the option of consuming in the future (at the sale price 
effective then); thus admission would be denied anyone who did not have 
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be emphasized is that user charges (admission fees) are an inade- 
quate (understated)-guide to the total value of the park. And of 
course, if revenue is insufficient, so that the park is closed and its 
trees cut down, the option demands of potential future users would 
not be satisfied. 

Nor is the issue simply one of short period versus long period 
demand. A potential consumer may have an option demand 
throughout his lifetime, and yet he may die without ever having 
purchased the commodity.4 

If actual users were willing to pay enough to provide adequate 
profit, the park would remain in business, and the option demand of 
persons who were not current consumers would be satisfied at zero 
marginal cost. That is, as long as the park operates, provision of 
the option is a pure collective good of standard type: it (the option 
to consume in the future) may be ‘‘consumed” (enjoyed) by all 
persons simultaneously, and the consumption by one person does not 
subtract from the consumption opportunities for others. But when 
the park is on the verge of closing down (or reducing its scale), the 
option to consume in the future ceases being a a costless byproduct 
of the park’s operations; the option demand would not be met 
at all if the firm closed (or would be met less satisfactorily if the 
firm reduced its scale) assuming that it could not reverse its action 
—e.g., because its giant trees had been cut down. In the interest of 
economic efficiency it would be desirable to keep the firm in business 
if the total of fees potentially collectable from current consumers 
and fees potentially collectable from prospective future consumers 
— including those who, in fact, will not become consumers — are 
adequate to cover costs.® 

The collective-good aspect of the commodity —in satisfying 
the option demand — may be viewed as an external economy from 
current production; that is, current production enters positively into 


option-tickets for each year prior to the time of purchase of the commodity 
(visit to the park). Such a scheme would surely be costly and cumbersome 
because of the large number of persons and undoubtedly very small per capita 
annual fees, the need to make collections throughout the country (not merely 
at the park), and the problem of lost receipts or expensive record-keeping. | 

4. The analogy with insurance may be drawn. Loss (purchase) is in- 
frequent, and a person may, as in the case of property insurance, never have a 
loss though he pays annual premiums for the protection for many years. The 
insurance was providing a service, protection against a large financial loss, 
though the protection was only of a stand-by nature and was, in fact, never 
“used.” 

5. Of course, the latter might equal zero if the consumption of park 
services went out of fashion permanently, for then the option value would be 
zero. At the same time there might be no demand for current use of the 
park, and yet the option value could be positive. 
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the utility functions of prospective users. Or the park may be 
thought of as producing two outputs: services of an individual- 
consumption sort to actual users, and stand-by, or option, services 
of a collective-consumption sort to nonusers. The latter is difficult 
to sell especially if some of its “consumers” do not become actual 
users. 

Infrequency and uncertainty of purchase are not the only con- 
ditions bringing about a potential deviation of optimal private from 
optimal social behavior. In the present context there is another 
requirement: expansion or recommencement of production at the 
time any occasional-purchasers wish to make a purchase must be 
difficult (in time or resources) or impossible; this implies that 
storage of the commodity (service) must be expensive — at the 
limit, impossible. In the case of a natural phenomenon such as 
Sequoia National Forest, if the trees were destroyed (allocated to 
alternative use), centuries would be required to restore them. 

But a national park is an extreme case both in terms of the 
infrequent purchase of its services by most consumers, and the high 
cost of restarting production once its inputs have been redirected. 
Less extreme, but more numerous, examples would be hospitals. A 
hospital is utilized infrequently by most persons and not at all, by 
some; yet, like the national park, it provides a valuable stand-by 
service, so that its value cannot be measured by the number of its 
users or the fees collectable from them alone. This stand-by or 
option value may be sizable enough to justify the existence of the 
hospital on efficiency grounds, but the private entrepreneur without 
the power of taxation may have great difficulty in charging nonusers, 
and so may find the hospital to be continuously unprofitable. Again, 
the issue is more than one of the time horizon. The option will have 
value even for persons who never become patients, as it also will 
for former patients in the years between their last hospital admission 
and death. Of course, it must be reiterated that the option value is 
important for resource-allocation only to the extent that when 
added to user demand it would affect the level of supply — thai is, 
would make the difference to a firm between remaining open and 
closing, or between opening in the first place and not doing so, or 
between providing a given increment of service or not. 

A third example may suffice to indicate the frequency with 
which the option demand concept is relevant. Urban transit firms 
have come to recognize that persons who normally walk or use 
private automobiles will occasionally use public transportation — 
e.g., when weather is bad, or when the auto breaks down. These and 
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other occasional users may patronize the transit system once or 
twice a year, or even less often. Yet an option demand will exist 
for the stand-by facilities, A structure of user charges which 
differentiates between classes of users can perhaps be developed, 
though cases in which they have been used successfully are difficult 
to find. In any case, such a structure would still not catch persons 
who never use the system, but who value its availability. 

A system of user charges designed to capture some of the option 
demand would charge the occasional rider more per ride than the 
regular rider, ceteris paribus. Tokens sold in large quantity lots 
at rates below the cash fare are sometimes used, but differentials 
are usually minor. If the differential grew, it would be increasingly 
circumvented by resales from regular to occasional patrons. Thus, 
the tokens, tickets, etc., would have to be made nontransferable. 
And so the administrative problems would grow. 

It is interesting to note that the argument for levying greater 
user fees on occasional users (as a means of tapping their option 
demand) may conflict with the argument for levying greater fees 
on rush-hour users (as a means of indicating the high marginal cost 
of the service they consume).? Rush-hour users are frequently 
regular users. Thus, on balance it may be sensible to have lower 
fees for regular, rush-hour users than for occasional, nonrush-hour 
users. 

Actually, four classes of users may be distinguished: (1) regu- 
lar nonrush-hour, (2) regular rush-hour, (3) occasional nonrush- 
hour, (4) occasional rush-hour. Class (1) users would qualify for 
low charges on both cost and option-demand grounds; at the oppo- 
site extreme, class (4) users would be subjected to high charges on 
both grounds. Between these limits would be the charges to class 
(3) and class (2) users. Class (2) would be charged less than class 
(3) with respect to the option demand, but more with respect to 
costs. Thus, depending on the relative weights attached to each 


6. It may be socially profitable to maintain a currently-unprofitable 
transit system because of the possibility that highway congestion in the future 
may produce a greater demand for it. However, this is beside the point being 
made here. Private entrepreneurs may be expected to take this future de- 
mand into account insofar as it is translated into sales, But insofar as that 
demand reflects the (option) demand of persons who, ex post, do not pur- 
chase the service, it will, presumably, not affect the decisions of private pro- 
ducers regarding the level of services. 

7. A strenuous advocate of lower charges for off-peak users of urban 
transport service in particular is William Vickrey; see, for example, his 
“Pricing in Urban and Suburban Transport,” presented to a session of the 
American Economic Association, December 28, 1962, mimeographed, p. 4. 
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factor, a group of rush-hour users might be charged less than a group 
of nonrush-hour users. 

Now to generalize. The fact that the revenue of a private 
operator is limited, as a practical matter, to user charges prevents 
his capturing the option demand of nonusers. It follows that the 
inability of the operator to make a profit does not necessarily imply 
the economic inefficiency of the firm. If he had the power to tax he 
could supplement user charges with charges for the option services 
being generated. 

The range of frequency of purchase for various commodities is 
a wide one, from once-in-a-lifetime attendance at a national park 
to daily purchase of tap water. “Infrequent purchase” is a matter 
of degree. Similarly, costs of expanding production to meet the 
demand of occasional purchasers exist for all commodities, although 
in varying degrees. It seems, therefore, that in principle the option 
demand exists for all commodities. The more frequently the com- 
modity is purchased (the smaller the ratio of “occasional” to “regu- 
lar” purchasers), and the less costly the expansion of output, the 
smaller will be the significance of the option demand — the easier 
it will be for sellers to rely on a system of user charges. 

Even for those commodities purchased infrequently, the option 
demand is of no significance so long as production is sufficiently 
profitable to insure that output can be provided at a level adequate 
to meet the demand of the infrequent purchaser. The all-night 
drug store, for example, presumably makes sufficient sales at night, 
at regular or specially-high prices, to cover its added costs, and so 
it remains open and provides a stand-by service for many non- 
customers. Under these conditions the option demand is satisfied 
as a costless by-product of production for current purchasers. But 
the option demand becomes important with respect to resource- 
allocation decisions when user charges (current and discounted 
future) begin to fall short of costs at the margin of service, so that 
private entrepreneurs will cease or curtail operations. Recognition 
of the option demand may dictate continued operation in the social 
interest, with “losses” made up from charges (taxes) on “occasional” 
purchasers. This is simply an extension of the well-known propo- 
sition that achievement of an optimal level of output in an industry 
generating external economies (in this case, fulfilling the option 
demand) requires subsidization. Consequently there appears to be 
an a priori case for at least consideration of public operation or 
subsidy when a producer of an infrequently-purchased, nonstorable 
commodity with sharply-rising short-period marginal costs con- 
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templates closing or cutting service because of unprofitable opera- 
tions. Of course, if the sum of user charges and the value of the 
option-demand falls short of costs (on a present-value basis), then 
efficient resource allocation would require that operations be halted 
or curtailed and resources shifted to alternative uses. 

Although it is only at the margin of closing down or, in gen- 
eral, of curtailing supply, that the option demand is relevant, these 
are precisely the points at which the question is likely to arise: 
should the private firm be subsidized or possibly operated publicly 
rather than permit its services to be cut? The argument presented 
above does not imply an affirmative answer in all cases. It does 
imply that a negative answer is not necessarily justified, even on 
the grounds of allocative efficiency. 
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An empirical case study of the benefits of abatement of aesthetic environmental damage 
associated with the Four Corners power plant and Navajo mine using the bidding game 
technique is presented. Bidding games were carefully designed to avoid the potential 
problems inherent in that technique. The results indicate the existence of substantial bene- 
fits from abatement of this aesthetic environmental damage. Aggregate bid curves, marginal 
bid curves, and estimates of the income elasticity of bid are presented. The effectiveness of 
the bidding game technique is discussed. 


It has proved a diflicult and often forbidding task to ascribe economic values to 
environmental improvements. Yet, rational and informed social decision making 
requires, among other things, a consideration of the economic costs and benefits of 
environmental improvements. The dificulties in economic evaluation are compounded 
in the case of environmental improvements of an aesthetic nature. This article discusses 
the problems inherent in the valuation of aesthetic environmental improvements and 
presents a case study in which bidding games were used as the valuation technique. 


THE THEORY 


Aesthetic damage to an outdoor environment, to the extent that it diminishes the 
utility of some individuals, is a discommodity and its abatement is a commodity. 
Abatement of this kind of external diseconomy is both a nonmarket good, since it is 
nonexclusive, and a public good in the sense of Davis and Whinston [6], since it is 
inexhaustible at least over a very substantial range. That is, additional consumers of 
this kind of aesthetic environmental improvement can be added without diminishing 
the visibility or scenic beauty available to each (at least, until crowding occurs). Ad- 
ditional users can be added at near zero marginal cost, over a substantial range. 

Bradford [2] has presented a theoretical framework for the valuation of public 
goods. Traditional demand curves are inappropriate for the analysis of demand for 


1 Journal Article 506, New Mexico State University, Agricultural Experiment Station, Las Cruces. 
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TOTAL COSTS 


TOTAL 
AGGREGATE 
BID 


MARGINAL COSTS 


MARGINAL AGGREGATE BID 


QUANTITY OF PUBLIC GOOD 


Fic. 1. Collective optimization of the quantity of public good provided, 


public goods, since the situation is not one of individuals responding to a parametric 
price per unit by choosing an appropriate number of units. Rather, the individual 
directly arrives at the total value to himself of various given packages. In the case of 
a public good, the individual is unable to exercise any choice over the quantity pro- 
vided him, except as a member of the collective which makes a collective choice. 
Further, the nature of a public good such as aesthetic environmental improvements 
is such that increases in the quantity provided are not purely quantitative increases, 
but are more in the nature of improvements in quality. Thus, the individual values 
alternative packages of a public good, which may differ in quantity and quality. 
Bradford proposes the concept of an aggregate bid curve for public goods, Indi- 
vidual bid curves are simply indifference curves passing through a given initial state, 
with the numeraire good (which can be dollars) on the vertical axis and the public 
good on the horizontal axis.? The aggregate bid curve is the algebraic (or vertical, in 
diagrammatic analyses) summation of individual bids over the relevant population. 
The aggregate bid curve is an aggregate benefit curve, as it measures precisely what 
an accurate benefit-cost analysis of provision of a public good would measure as 
benefits. Using the approach of methodological collectivism, efficiency in the pro- 
vision of a public good can be achieved by maximizing the excess of aggregate bid 
over total cost, or equating the first derivative of aggregate bid (i.e., marginal bid) 


21f different packages of a public good represented continuous quantitative increases, the indi- 
vidual bid curve would be smooth and would exhibit decreasing marginal utility of increasing quantities 
of the public good. However, Bradford’s concept of different packages differing in quantity and 
quality logically implies that individual bid curves need be neither smooth nor of continually decreas- 
ing slope. Bradford insists that, a priori, nothing can be said about the slope of the “demand,” or 
marginal bid curve, for a public good of this nature. 
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with the marginal cost of provision.* Figure | shows the efficient level of provision 
of a public good.‘ 


THE BIDDING GAME TECHNIQUE 


It is possible to conceive of a number of techniques for estimating the aggregate bid 
curve for environmental improvements. Two general classes of techniques, direct 
costing techniques and revealed demand techniques, have been suggested in the liter- 
ature and applied in empirical studies. Each of these has its difficulties, especially when 
adapted for valuation of aesthetic environmental improvements. These techniques 
will be briefly discussed below. Then, a third type of technique, bidding games, will 
be proposed. Bidding game techniques are themselves not without difficulties, but 
we will argue that there may be applications for which they are the preferable or even 
the only feasible method for empirical studies. Methods of maximizing the reliability 
of bidding games will be discussed and an empirical study using bidding games will 
be presented. 

Direct costing methods. Implicit in the concept of a “marginal value of damage 
avoided by abatement” curve, as proposed by Kneese and Bower [12], is the idea of 
estimating the benefits of abatement of environmental damage by directly estimating 
the costs attributable to that damage. Several workers have made progress along these 
lines. For example, Lave and Seskin [13] have had some success in relating the costs 
of impairment of human health to levels of air pollution. If all relevant costs of a 
particular incidence of environmental damage can be identified, evaluated and 
summed, a curve relating the value of damage avoided to levels of environmental 
improvements can be fitted. The first derivative of this curve is the “M.V.D.A.”’ curve 
of Kneese and Bower [12]. 

These costing techniques are theoretically sound and may often be feasible in 
practice. However, difficulties may be introduced by the unavailability of information 
and the pricing and accounting problems inherent in this type of analysis. These 
techniques will have limited application in valuation of aesthetic environmental im- 
provements, since the costs of aesthetic damages may seldom be directly reflected 
in the market. 

Revealed demand techniques. Revealed demand techniques have been widely used for 
estimation of the demand for outdoor recreation, often a nonmarket good.* A number 
of applications to valuation of the benefits of air pollution abatement have been 
made [1, I1, 14, 16, 18]. The principle is as follows. The benefits of provision of a 
nonmarket good are inferred from the revealed demand for some suitable proxy. In 
the case of air pollution abatement, the revealed demand for residential land is related 
by regression analysis to air pollution concentrations. In metropolitan areas, it is 
possible to obtain information on the concentration of specific air pollutants in dif- 
ferent parts of the city. If all other variables relevant to the valuation of urban resi- 
dential land can be identified’ and measured, it ought to be possible to determine by 


*In the approach of methodological individualism, Pareto-efficiency is still not achieved since the 
price to the individual cannot equal the marginal cost to the individual (which is zero) and allow 
collection of sufficient funds to cover the total cost of provision. 


x In Fig. 1, the aggregate and marginal bid curves are drawn as smooth curves consistent with 
diminishing marginal utility. As pointed out in footnote 2, this need not be even the typical case. 
5 See [4]. 


*Some appropriate variables are size and value of structures on the land, distance from places 
where services and employment opportunities are concentrated, proportion of park Jand and open 
space in the neighborhood, density of population, proportion of various racial and ethnic minorities 
in the immediate vicinity, and the incidence of violent crimes. 
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regression analysis the extent to which air pollution concentrations affect observed 
land values. In this way, a proxy measure of the benefits of air pollution abatement is 
obtained. 

There are a number of difficulties with this type of analysis. Since the value ascribed 
to air pollution control is derived directly from the regression coefficient of the pollu- 
tion concentration variable, accurate results require perfect and complete specification 
of the regression equation. In an interesting recent study, Wieand [17] claims that 
when such regression models are completely specified, the regression coefficient of the 
pollution concentration variable may not be significantly different from zero. Another 
difficulty, researchers in the field agree, lies in interpretation of the results. Are all of 
the benefits of air pollution abatement captured in residential land values? Most 
think not. For our purposes, the other side of that coin is of interest: Surely some 
benefits in addition to the aesthetic benefits are captured. Which additional benefits? 

In the case study reported below, the geographical area affected by environmental 
damage includes urban areas, but also rural and agricultural areas, and substantial 
areas of Indian reservation and National Park, Monument, and Forest lands (which 
are typically not exchanged in the market). Thus, those revealed demand techniques 
currently available would seem to be inapplicable to the situation faced in our study. 

Bidding games. in analysis of the demand for outdoor recreation, Davis [7] 
pioneered in the use of bidding games, During personal interviews, the enumerator 
follows on iterative questioning procedure to elicit responses which enable the fitting 
of a demand curve for the services offered by a recreation area. Respondents are asked 
to answer “yes” or “no” to the question: Would you continue to use this recreation 
area if the cost to you was to increase by X dollars? The amount is varied up or down 
in repetitive questions, and the highest positive response is recorded. Individual re- 
sponses may then be aggregated to generate a demand curve for the recreation services 
provided by the area. 

It seems reasonable that bidding games may be adapted to the estimation of the 
benefits from provision of an inexhaustible nonmarket good such as abatement of 
aesthetic environmental damage. Bidding games would seem to be the most direct 
method of estimating Bradford’s aggregate benefit curve, which is derived from vertical 
summation of individual bid curves, The difficulties of interpretation which are in- 
herent in the revealed demand techniques developed thus far do not occur when the 
bidding game technique is used. The data obtained with bidding games are not cost 
observations but individuals’ perceptions of value. Thus, bidding games can be used 
in situations where direct costing techniques are ineffective for lack of data. These 
advantages of bidding games over revealed demand and direct costing techniques seem 
suflicient to justify attempts to adapt the bidding game technique for use in valuation 
of aesthetic environmental improvements. 


Some General Considerations in the Design of Bidding Games 


Bidding games are designed to elicit information on the hypothetical behavior of 
respondents when faced with hypothetical situations. In the case study presented 
below, the purpose of bidding games is to provide a measure of the benefits of aesthetic 
environmental improvements by measuring the willingness of a sample of respondents 
to pay for such improvements. The efficacy of bidding games used for this purpose 
depends on the reliability with which stated hypothetical behavior is converted to 
action, should the hypothetical situation posited in the game arise in actuality. 
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Willingness to pay is the behavioral dimension of an underlying attitude: concern 
for environmental quality.” Sociologists and public opinion researchers have built 
up a substantial body of literature which considers ways in which survey techniques of 
measuring attitudes and their behavioral component can be made as reliable as 
possible. Some desirable characteristics of such surveys have been identified [5, 9]. 
The hypothetical situation. presented should be realistic and credible to respondents. 
Realism and credibility can be achieved by satisfying the following criteria for survey 
instrument design: Test items must have properties similar to those in the actual situ- 
ation; situations posited must be concrete rather than symbolic; and test items should 
involve institutionalized or routinized behavior, where role expectations of respon- 
dents are well defined. Where the behavioral predisposition under study are affected 
by attitudes about a number of different things, the test instrument must be designed 
to focus upon those attitudes which are relevant. An example may be helpful. In the 
case study reported here, willingness to pay additional taxes to achieve aesthetic 
environmental improvement is affected by attitudes toward environmental quality, 
but also by attitudes toward the current tax burden and attitudes toward the idea of 
receptors of pollutants paying to obtain abatement of emissions. If the survey is 
carried out for the purpose of measuring the benefits of abatement, the test instrument 
must be designed to take cognizance of the various diverse attitudes which affect 
willingness to pay and to allow isolation of the relevant attitudinal dimensions. 

Since abatement of aesthetic environmental damage is an inexhaustible, public 
good, bidding games intended to provide data for valuation of that good must be 
designed to avoid the effects of the freeloader problem, which encourages nonrevela- 
tion of preferences. One method would be to design games in which each respondent 
is told that all consumers of the good would pay for it on a similar basis, thus elimi- 
nating the possibility of freeloading. 

With careful design of bidding games to ensure that the responses recorded are 
predictive of behavior, it should be possible to use the bidding technique to estimate 
the benefits of environmental improvements with reasonable accuracy. 


AN EMPIRICAL APPLICATION: 


ESTIMATION OF THE BENEFITS OF ABATEMENT OF 
AESTHETIC ENVIRONMENTAL DAMAGES ASSOCIATED 
WITH THE FOUR CORNERS STEAM ELECTRIC 
GENERATING PLANT 


At New Mexico State University, research is under way to examine the socio- 
economic impacts of development of the rapidly expanding coal strip-mining and 
steam electric generation industry in the Four Corners Region (southwestern United 
States), and to predict the impacts of alternative policies with respect to environmental 
management and economic development, as such policies would affect the industry. 
One facet of this research required estimation of the benefits of abatement of aesthetic 
environmental damage associated with the Four Corners power plant at Fruitland 
NM, and the Navajo mine which provides its raw energy source—low energy low 
sulfur, high ash, sub-bituminous coal.8 


7 Three dimensions of attitudes are recognized [8]: (1) a iti i i 

| : cognitive dimension, (2) an aff 
dimension, and (3) a behavioral dimension. ae pa 

* The following facts may provide some idea of the magnitude of this operation and its attendant 
environmental problems. In 1970, the power plant had a capacity of 2,080 MW. The mine provides 
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The mine-power plant complex causes several kinds of aesthetic environmental 
damage. Particulates, sulfur oxides and nitrous oxides are emitted into the air. The 
adverse effects of particulate pollutants on visibility is considered the most important 
aesthetic impact of the complex. The strip-mining process will create some aesthetic 
damage. Although the soil banks will be leveled, reclamation in the sense of re- 
establishing a viable plant and animal eco-system is uncertain. Transmission lines 
radiate from the plant in several directions, passing through the Navajo Reservation 
and bringing the paraphernalia of development to a landscape which is in some places 
very beautiful and otherwise untouched.® 

It was decided to use bidding games to measure the benefits of abatement of the 
aesthetic environmental damage associated with the Four Corners power plant and the 
Navajo mine.'? Considerable attention was devoted to the design and development of 
bidding games which provide a reliable estimator of these benefits. 


Questionnaire Design 


The bidding games were part of prepared schedules designed for use in a personal 
interview survey of samples of users of the Four Corners Interstate Air Quality 
Control Region environment (i.e., residents and recreational visitors to the region). 
In preparation for the bidding games, respondents were asked a series of questions 
about environmental matters, to focus their attention on that topic. Then, the subject 
of the coal-electricity complex in the Four Corners area was explicitly raised. The 
respondents were shown three sets of photographs depicting three levels of environ- 
mental damage around the Four Corners Power Plant, near Fruitland, NM. 

Set A showed the plant circa 1969, prior to installation of some additional emis- 
sions control equipment, producing its historical maximum emissions of air pol- 
lutants. Another photograph depicted the spoil banks as they appear following strip- 
mining, but prior to leveling. A third photograph showed electricity transmission lines 
marring the landscape. Set A depicted the highest level of environmental damage, and 
accurately represented the actual situation in the early years of operation of the plant. 

Set B showed an intermediate level of damage. One photograph showed the plant 
circa 1972, after additional controls had reduced particulate emissions (i.e., the type of 
emissions most destructive of visibility). Another showed the spoil banks leveled but 
not revegetated; a third showed the transmission lines placed less obtrusively (ie., 
at some distance from major roads). 

Set C was intended to depict a situation where the industries continued to operate, 


coal at a rate of 8.5 millions tons annually. Over the 40 year projected life span of the mine, 31,000 
acres will be stripped. In 1970, approximately 550 people were employed in the mine and power 
plant, total value of sales of electricity was $146 million, and 96,000 tons of particulates, 73,000 tons 
of sulfur oxides and 66,000 tons of nitrous oxides were emitted annually, 

°To place this aesthetic environmental damage in perspective, it may be useful to point out that 
the Four Corners Interstate Air Quality Control Region includes the greatest concentration of National 
Parks and Monuments in the United States and a number of Indian reservations, the largest of which 
are the Navajo and Hopi reservations. The value of the region for tourism and recreation depends 
largely on its bizarre and unusual landscapes, the enjoyment of which requires excellent long distance 
visibility and depth and color perception. There exists a substantial minority of “traditional” Native 
Americans who have strong religious and cultural attachments to nature, and who resent the air 
pollution, strip-mining, and transmission Jines; witness the prolonged litigation about location of the 
Tucson Gas and Electric Company transmission line from the San Juan power plant, which is under 
construction about 9 miles from the Four Corners plant. 

10[n that part of the overall study which deals with nonaesthetic environmental damage, direct 


costing techniques are used, 
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but with minimal environmental damage. One photograph showed the plant with 
visible emissions reduced to zero.!! A sccond photograph showed a section of arid 
land in its natural state; it was intended to depict a situation where the transmission 
lines were placed underground and the strip-mined land completely reclaimed. 

The interviewers pointed out the salient features of each set of photographs to each 
respondent. For most of the respondents (with the exception of many recreationists), 
the situations were rooted in real experience: the residents of the region were familiar 
with the plant and mine, and their operation for the previous eight years. Most 
remembered situation A well, for that was exactly how it was only a few years earlier. 
Situation B was a fairly good approximation of the real situation at the time of the 
interviews. With the help of the photographs, situation C would be readily visualized. 

Since the fitting of bid or benefit curves requires an expression of willingness to pay 
for abatement of aesthetic damages, it was necessary to design games based upon 
appropriate vehicles of payment. The vehicles for payment were chosen so as to maxi- 
mize the realism and credibility of the hypothetical situation posited to respondents. 
As will be discussed below, it was necessary to design and use a series of bidding games, 
because no one vehicle of payment was appropriate for use with all of the subpopu- 
lations sampled, First, the general format applicable to all games is discussed. Then, 
the particular games used for particular subpopulations are discussed. 

For each bidding game played, respondents were asked to consider situation A, the 
highest level of environmental damage, as the starting point. The bidding games were 
designed to elicit the highest amount of money which the respondent, an adult speaking 
for his or her household, was willing to pay in order to improve the aesthetic environ- 
ment to situation C, and to situation B. Answers were elicited in terms of “yes” or 
“no” to questions expressed in the form “would you pay amount X .. . ?” A “yes” 
answer would lead the enumerator to raise the amount and repeat the question, maybe 
several times, until a ‘“‘no”’ answer was obtained. A “no” answer would lead the enumer- 
ator to reduce the amount until a “yes” answer was obtained. The amount which 
elicited the highest “yes” answer was recorded as the amount the respondent was 
willing to pay. : 

It was emphasized that the respondent was to assume that the vehicle for payment 
used in a particular game was the only possible way in which environmental improve- 
ments could be obtained. This stipulation was designed to minimize the incidence of 
zero bids as protests against either the zero liability rule implicit in “willingness to 
pay” games or the particular method of payment used in a particular game. If a 
respondent indicated that he was willing to pay nothing at all, he was asked a series 
of questions to find out why. A respondent indicating that he did not consider his 
household to be harmed in any way by the environmental damage and, therefore, saw 
no reason to pay for environmental improvements was recorded as bidding zero. If a 
respondent indicated that his zero bid was in protest against the game, his answer was 
analyzed as a nonresponse to the bidding game, since he had refused to play the game 
by the stated rules.!? 


' This feat was accomplished by photographing the plant on a day when all units were shut down 

1 For the purpose of estimating the benefits of abatement, the treatment of “protest bids” as nent 
responses is legitimate. By definition, a “protest bid” recognizes that positive benefits from abatement 
exist, but registers a protest against a particular method of financing abatement, We recognize that 
the elimination of “protest bids” from analyses aimed at estimating the benefits of abatement fails 
to remove all downward bias from the responses to particular games: some respondents may bid low 
(i.e., underestimate the benefits to themselves of abatement) in conscious or subconscious protest 
against the method of financing assumed in a game. 
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The selection of appropriate vehicles for payment provided a challenge. People are 
not accustomed to paying for abatement of air pollution and strip-mining damage. 
However, they are accustomed to paying for many other types of useful goods and 
services, many of which, such as parks and highway beautification, have aesthetic or 
“quality of life’ components. So selection of realistic vehicles for payment was not 
impossible. However, the heterogeneous nature of the affected population meant that 
no single vehicle was suitable for data collection among all groups. In the Four 
Corners Region, the affected population can be divided into three broad groups: (1) 
the residents of Indian reservations, primarily Navajos, but also including members of 
several other tribes; (2) the residents of the nonreservation sections of the region, 
primarily Anglo-Americans, but with a sprinkling of Spanish-Americans, Native 
Americans living off the reservations, and other minorities; and (3) the tourists and 
recreationists who visit the area to enjoy its unique natural, historical and cultural 
attractions, Different versions of the questionnaire, using bidding games based on 
different vehicles for payment, were constructed for use with the three different sub- 
populations of the affected population. 

The particular bidding games used are described below. 

The sales tax game. Members of all three subpopulations are familiar with the prac- 
tice of paying sales taxes. For most, this is a frequent occurrence. It is also understood 
by most that income collected in sales taxes is used to provide useful public services. 
It does not require much imagination to conceive of a public agency collecting a sales 
tax from residents of the affected region and using the income to finance environmental 
improvements. 

The sales tax bidding game was used for both the resident samples. It was not used 
with the recreationist sample, since that group often purchased only a few items in the 
region, bringing most of their equipment and supplies with them. This would make a 
regional sales tax largely irrelevant for that group. 

Respondents were asked to assume that a regional sales tax was collected on all 
purchases in the Four Corners Interstate Air Quality Control Region for the purpose 
of financing environmental improvements.'* All revenue from the additional tax 
would be used for abatement of aesthetic environmental damage associated with the 
power plant and mine, and all citizens would be required to pay the tax. Recreational 
visitors to the region would contribute to environmental improvement through pay- 
ment of additional users fees for facilities. 

The electricity bill game. The monthly electricity bill seemed to be a suitable vehicle 
for measurement of willingness to pay. It is the production of electricity which causes 
the environmental damage, and most people can readily comprehend that reduction 
of the damage may raise the cost of operating the industry and that passing these 
additional costs on to consumers of electricity is a not unlikely outcome. For the 
residents of those sections of the region outside the Indian reservations, payment of 
a monthly electricity bill isa routinized behavior. Therefore, a bidding game based upon 
the monthly electricity bill was played with the nonreservation resident sample. 

This game was unsuitable for use with the other two samples. Many residents of 


“Protest bids” were recorded and used in some other types of analyses. For example, the incidence 
of “protest bids” is an indicator of the relative political acceptability of various methods of financing 
abatement. 

13 The regional sales tax would be additional to current state and local sales taxes and would be 
charged on all commodities subject to existing state and local sales taxes, 
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Indian reservations do not have electricity available in their homes. Recreationists do 
not pay monthly electricity bills while vacationing away from home. 

The respondent was first asked the amount of his monthly household electricity 
bill. He was then asked to imagine that an additional charge was added to his electricity 
bill, and the electricity bills of everyone who uses electricity produced in the Four 
Corners Region, even people as far away as southern California. All of the additional 
money collected would be used to repair the aesthetic environmental damage caused 
as a result of electricity production and transmission in the Four Corners region. 

The user fees game. Measuring recreationists’ willingness to pay for environmental 
improvements raised problems which prevented use of the electricity bill and sales 
tax games. For the recreationists, a satisfactory game would need to focus upon (1) the 
activities associated with vacationing, and (2) the collection of payments while they 
are in the region and using the regional environment. The payment of user fees for 
recreation services (i.e., campsite, utilities hook-up, boat launching), seemed to be a 
promising vehicle for a bidding game for the recreationists. If visitors were concerned 
about environmental quality in the places where they vacation, the payment of an 
additional sum along with their usual daily user fees would provide a suitable way to 
express that concern. 

A sample of recreationists in the national parks, monuments and forests and state 
parks in the region played a bidding game based on user fees. Only recreationists who 
were not residents of the region were included. They were first asked the total sum of 
user fees they paid daily. They were then asked to suppose user fees in all the recreation 
areas in the Four Corners area were increased. All the additional money collected 
would be spent on environmental improvements. All recreators would pay and the 
year-round residents would pay, too, through additional regional sales taxes. 


The Conduct of the Survey 


The bidding games, as described above, were included in prepared schedules which 
also served as the instrument for collection of data for socioeconomic analysis of 
citizen environmental concern. Personal interviews were conducted by enumerators 
who were closely supervised and who had been carefully trained in formal sessions and 
in two separate field pre-tests of the questionnaire. Interviews were conducted during 
the summer of 1972. 

Usable questionnaires were completed by 526 residents of nonreservation sections 
of the Four Corners Interstate Air Quality Control Region, 71 residents of Indian 
reservations and 150 recreators and tourists from outside the region who were using 
recreation sites within the region. The ratio of reservation residents to nonreservation 
residents sampled was proportional to their total numbers in the regional population; 
the size of the recreationist sample was chosen arbitrarily. Respondents from ch 
subpopulation were sclected by stratified random sampling. Stratification was based 
on concentration of air pollutants above the respondent’s home or recreation site, as 
estimated by an atmospheric diffusion model developed as part of the larger research 
ees The population in higher pollution concentration zones was sampled more 
leavily, 


Analysis and Results 


For the determination of three points on the aggregate bid curve, corresponding to the 
situations, A, B, and C, the bidding game results were aggregated by methods appro- 
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TABLE I 


AGGREGATE BiDs FoR ABATEMENT OF APSTHETIC ENVIRONMENTAL DAMAGE 
ASSOCIATED WITH THE Four Corners Power PLANr, 1972 


Item Situation 

A B G 
Emissions (tons of particulates per year) 96,00K) 26,000 0 
Level of abatement (tons of particulates per year) 0 70,000 96,000 
Estimated regional aggregate bid ($ millions per year) 0 15.54 24.57 
Standard error ($ millions per year) — 1,24 152 
95% Confidence limits ($ millions per year) — + 2.43 +2,97 
Estimated consumer aggregate bid ($ millions per year) 0 11,25 19.31 
Standard error ($ millions per year) — 0.68 0.98 
95%, Confidence limits ($ millions per year) — +1,33 +1.92 


priate to the stratified random sampling technique used, to provide estimates of the 
total bid for the relevant population. Two methods of aggregation were used, to 
generate two different aggregate bid curves. 

(1) The results of the sales tax game with area residents (reservation and non- 
reservation) were added to the results of user fee games played by recreators to estimate 
a total regional willingness to pay for three levels of environmental improvement. 

(2) The results of the electricity bill game were extrapolated over all consumers of 
power from the Four Corners plant to estimate consumer willingness to pay. This latter 
procedure involved the ethical premise that, since the production of electricity causes 
environmental damage, all citizens who consume Four Corners power ought to be 
willing to pay as much in additional electricity charges for environmental improve- 
ments as those who live in the region which suffers the damage. However appealing 
this ethical premise may be, our survey did not include people outside the region. Thus 
the consumer bid cannot be interpreted as an estimate of true “willingness to 
pay.” It would be interesting to extend this research to include bidding games for 
these consumers of Four Corners electricity who do not live or recreate in the affected 
environment. 

While both the regional and consumer aggregate bids are of interest, the authors 
believe that more faith may be placed in the regional bid since that bid was derived 
from samples of all segments of its relevant population. 

Table I presents the estimated aggregate bids, standard errors, and 95% confidence 
limits at points A, B, and C. Regional and consumer bids are presented. 

Using the estimated aggregate bids (Table I), a regional aggregate bid curve and a 
consumer aggregate bid curve were filted. To fit two-dimensional aggregate bid curves, 
it was necessary to select a single independent variable to serve as a proxy for the total 
package of aesthetic environmental improvements under consideration. Situations 
A, B, and C were defined so that all three forms of aesthetic damage (air pollution, 
strip-mining, and transmission lines) were successively reduced together from their 
most obtrusive in situation A to virtual elimination in C. Of the three forms of damage, 
reduced visibility due to particulate air pollution was considered by respondents to be 
far and away the most serious. So, abatement of particulate air pollutant emissions 
(measured as the difference, in tons per year, between the level at A and the levels at 
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TABLE II 


Tests of Hypotnesrs CONCERNING THE SLOPES OF THE AGGREGATE Bip CURVES 


Hypothesis Confidence of rejecting Ho 


Regional Consumer 
aggregate aggregate 
bid curve bid curve 


(%) %) 
1. The aggregate bid curve is of linear positive slope* 99.9 99.9 
2. The aggregate bid for situation B is one half of that for C® 99.9 94.5 


« Rejection implies that the aggregate bid curve is of increasing positive slope. 
> Rejection implies that the aggregate bid for B exceeds one half of that for C. 


B and C, respectively) was arbitrarily chosen to serve as a single independent variable 
for graphical analyses."4 

The form of the curve requires some discussion. It has already been noted [footnote 
2] that the usual restraints placed on the slope of demand curves are inappropriate for 
the first derivatives of aggregate bid curves for public goods, due to the impossibility 
of separating quantity and quality factors. Here we have a case in point. It seems 
resonable that “consumers” of abatement of particulate emissions desire the attribute, 
visibility. Given the reasonable assumption that marginal utility of additional 
visibility is diminishing, one would expect the first derivative of the aggregate bid 
curve for visibility to be of negative slope. 

Meteorologists have established that an inverse relationship exists between visi- 
bility and concentration of particulate pollutants. Visibility increases at an increasing 
rate as particulate pollution (measured jn terms of weight) is abated [3, 10]. Therefore, 
the slope of the marginal aggregate bid curve for abatement of emissions (in tons per 
year) is a priori unpredictable, since the diminishing marginal utility of visibility and 
the increasing marginal visibility resulting from additional abatement influence that 
slope in opposite ways. 

In terms of visibility, the aggregate bid curve form which provided the best fit of 
the three data points was 


B=clnQ), 


where B = aggregate bid in dollars, c = a constant, and v = visibility. 
In terms of abatement of particulate air pollutants (measured in tons per year), the 
appropriate curve form was 


k 
Bq) = cln 3 
k—q 


In the case study at hand, we recognize the inelegance introduced by this procedure. We do not 
believe it does serious violence to the truth, since most of the aesthetic environmental damage oc- 
curring is, in fact, due to particulate air pollutants. We emphasize, however, that this problem should 
not typically occur in the use of aggregate bid methodology and bidding game techniques. Rather, its 
occurrence here was a special case and is attributable to our need to value a package of different 
aesthetic environmental improvements within the following constraints: (1) a limited research budget, 
which confined us to one personal interview survey, and (2) the need to limit the length of each inter- 
view, to avoid exhausting the patience of respondents. 
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Fic, 2. Estimated aggregate bid curves for abatement of aesthetic environmental damage, Four 
Corners power plant, 1972. BR, Regional aggregate bid; BC, Consumer aggregate bid. 


where k = a parameter relating visibility to emissions, which is determined behav- 
iorally, and g = tons of particulate emissions abated annually. 

The aggregate bid curve fitted using this equation form passes through the origin, 
as logically it must, given that rational citizens would bid zero for zero abatement. The 
first derivative of the aggregate bid curve is of positive slope.'® Statistical tests (Table 
If) resulted in rejection of the hypotheses (1) that the aggregate bid curve was linear, 
or of decreasing positive slope, and (2) that the aggregate bid at point B was simply 
one-half of that at C. Regional and consumer aggregate bid curves are presented 


(Fig. 2). 


16 It must be emphasized that the curve form used provided the best fit, given the three data points 
available. It would have been desirable to have collected information adequate to generate more data 
points. The decision to collect data for only three points was made in recognition of limits to the 
patience of respondents. The multipurpose schedule was already quite lengthy, given the need to 
collect data relevant to the situation of the respondent, play the bidding games, and collect socio- 
economic, sociological and attitudinal data. 

[t is recognized that, if more data points had been available, a different curve form may have been 
appropriate. The possibility of a sigmoid aggregate bid curve is logically appealing. Such a curve 
would have a segment of increasing slope, where the increasing marginal visibility from particulate 
abatement dominates the decreasing marginal utility of additiona) visibility then, as complete abate- 
ment is approached (i.e., somewhere to the right of our point B), the slope may become decreasing 
as the diminishing marginal utility of visibility becomes dominant. Such a curve form would be con- 
sistent with theoretical considerations and with the three data points available. 
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The fitted aggregate bid curves were: 


168,890 : 
B, = $29,175,840 In ——-———,,_ for the regional aggregate bid curve, and 
68,890 — q 
134,490 
B, = $15,396,700 In --———,_ for the consumer aggregate bid curve. 
134,490 — q 


Marginal aggregate bid curves, or price curves, were generated by taking the first 
derivatives of the aggregate bid curves (Fig. 3). The derived price curves were: 


29,175,840 


P, = $——————.,_ derived from the regional aggregate bid curve, and 
168,890 — q 
15,396,700 ; 

P, = $——————, derived from the consumer aggregate bid curve. 
134,490 — q 


These derived price curves are very useful for public policy analyses with respect 
to optimal environmental management policies. In Fig. 4, a hypothetical derived price 
curve is presented, along with a hypothetical marginal cost of abatement curve. In this 
hypothetical example, the optimal level of abatement is S. A standard allowing maxi- 
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Fic. 3. Derived price curves for abatement of aesthetic environmental damage, Four Corners 
power plant, 1972. PR, price curve derived from regional aggregate bid; PC, price curve derived from 
consumer aggregate bid. 
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Fic. 4. Optimal standards, penalties and per unit taxes on emissions, given hypothetical marginal 
cost and price curves. 


mum annual emissions of (7—S) tons of particulates would be appropriate, and the 
penalty for violation of that standard should be set sufliciently high that the polluter’s 
expected penalty per ton of emissions in excess of the standard would be at least P. 
An alternative institutional framework would call for a fine or tax per ton of particu- 
late emissions. The fine ought to be set at least as high as P per ton. At the level P, 
the optimal level of abatement would be achieved. A fixed fine per ton of remaining 
emissions would result in collection of the amount XMTS. However, since the derived 
price curve is of positive slope, the sum of the fines collected would be insufficient to 
compensate the receptors of the pollutants for their loss in welfare. The necessary 
amount would be XN7S. This amount could be collected, if full compensation were 
the accepted policy,'® by using a sliding scale of fines, ranging from P’ for the first 
ton of emissions down to P for all emissions in excess of T—S. 

If the marginal costs of abatement of aesthetic environmental damage associated 
with the Four Corners power plant were known,!? the derived price curves presented 

16 Under a full compensation policy, a derived price curve generated from bidding games based on 
the concept of willingness to pay (which implicitly places the liability with the receptor of damages) 
would underestimate both the optimal level of abatement and the appropriate level of fines or taxes. 
Randall [15] and others have demonstrated that the demand for abatement of an external diseconomy 
is greater in the full liability situation than in the zero liability situation implicit in willingness to 
pay games. 

17 We are not yet in a position to present a complete benefit/cost analysis of the abatement of the 
aesthetic environmental damage associated with the Four Corners power plant and Navajo mine. 
Preliminary and tentative calculations indicate that, if our attribution of most of the benefits reported 
here to abatement of particulate air pollutants is reasonable, 99.7% abatement of particulate emissions 
(the current New Mexico standard for 1975) is economically justified on the basis of aesthetic con- 
siderations alone. Some additional abatement beyond the 1975 standard may be justified. The eco- 
nomic benefits from that abatement which has already taken place appear to far excced the costs, 
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TABLE UI 


Income ELasticity oF Bip FoR ABATEMENT OF AESTHETIC DAMAGES 
ASSOCIATED WITH THE Four Corners Power PLANT, 1972 


Subpopulation Game Level of Income Standard Significantly 
abatement elasticity error greater than 
of bid zero"? 
Nonreservation residents Sales tax B 0.65 0.10 Yes 
E 0.65 0.08 Yes 
Reservation residents Sales tax B 0.23 0.18 No 
C 0.24 0.18 No 
Nonreservation residents Electricity bill B 0.54 0.09 Yes 
G 0.39 0.06 Yes 
Recreators Users fees B 0.09 0.15 No 
(E 0.16 0.11 No 


* At the 95% level of confidence. 


in Fig. 3 could be used to perform policy analyses similar to those in the hypothetical 
example above. 

The relationship between willingness to pay and household income is of interest. 
However, the concept of income elasticity of demand is inappropriate to the public 
good under study. The calculation of an income elasticity of quantity of abatement 
demanded would require consideration of the relationship between income and quan- 
tity of homogeneous units of abatement demanded at a constant price per unit. How- 
ever, in this study there were no explicit unit prices for abatement; neither were there 
individual variations in quantity of abatement demanded, as the quantities were fixed 
as defined in situations A, B, and C. These conditions result from the inherent non- 
exclusive nature of abatement of aesthetic environmental damage: Everyone obtains 
the same quantity and there is no explicit price. This situation is the inverse of the 
market situation for private goods; dollar bids are the response to a quantity which 
is given. 

Since there existed no market price at which to calculate the income elasticity of 
demand, an “income elasticity of bid’? was estimated. The income elasticity of bid 


was defined as: 
dB Y Vg 


ey = ——— = oF, 

dYB B 
where Y = household income, and B = the individual’s total annual bid. A linear 
regression model was used to determine the statistic 6}. The mean value of Y and B 
were used, and the calculation was made at each level of abatement. 

Calculated income elasticities of bid for the various subpopulations and bidding 
games are presented in Table III. In all cases, income elasticity of bid was greater than 
zero, indicating that higher income households were willing to pay a greater amount 
than lower income households to achieve the same level of abatement of aesthetic 
damages. For the non-reservation residents, calculated income elasticity of bid 


This conclusion is extremely tentative and subject to revision. It is presented in this footnote (at 
the request of an anonymous reviewer) to provide a “‘ball park” indication of the conclusions which 
may arise from our research. 
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ranged from 0.39 to 0.65, depending on the game and the level of abatement, Income 
elasticity of bid was significantly greater than zero at the 95% level of confidence. For 
the residents of Indian reservations and the recreational visitors to the region, lower 
positive income elasticities were recorded. These were not significantly greater than 
zero, at the 95% level of confidence.*8 

It was also found that willingness to pay an additional charge in the electricity bill 
for a particular level of abatement increased as ihe size of the electricity bill increased. 
Electric bill elasticity of bid, as defined as 


dB Bill 


dBill B’ 


was calculated (for the nonreservation resident sample) to be 0.30 for situation B and 
0.25 for situation C; at both points, it was significantly greater than zero at the 95% 
level of confidence. These estimates indicate that willingness to pay for a given level 
of environmental improvements increased as the size of the electricity bill increased, 
but at a lesser rate. 


The Reliability of the Results 


In the statistical sense, our estimates of the aggregate benefits from abatement of 
aesthetic environmental damage would seem to be of a high order of reliability. The 
95% confidence limits of the aggregate bids are quite narrow, compared with the size 
of the estimated aggregate bids. Statistical estimates of the confidence which may be 
placed in these estimated aggregate bids are based upon the variance of the responses 
of the samples, and indicate the confidence with which sample results may be extrapo- 
lated to the whole population. These statistics, per se, are unable to give any indication 
of the reliability with which predispositions to behave, as measured by the bidding 
games, would be transmitted to actions should the hypothetical situation arise. 

We argue, nevertheless, that our estimates of the benefits of abatement of aesthetic 
environmental damages associated with the Four Corners power plant are of a reason- 
able order of magnitude and, if anything, conservative. (1) We believe the design of 
the bidding games allows confidence in their efficacy. (2) The individual household 
bid for abatement, on average, is of the same order of magnitude as the estimates of 
the value of particulate pollution abatement obtained in revealed demand studies 
[1], when the latter are converted to a comparable basis. Mean individual household 
willingness to pay for abatement, measured by the sales tax game played with the 
nonreservation resident sample, was about $50 annually to achieve situation B and 
$85 annually to achieve situation C. (3) The estimated aggregate bids for abatement 
are relatively small given the scale of the operation at Four Corners, as indicated by 
its 1970 emissions rate and its total annual sales of $146 million [footnote 5]. (4) 
Theoretical analyses indicate that the demand for abatement of an externality will 


18 The estimates of income elasticity obtained with the nonreservation resident sample may be 
more reliable, for two reasons, First, the nonreservation sample was considerably Jarger than either 
of the other two samples, Second, the range of incomes encountered in the nonreservation resident 
sample more nearly approached that of society as a whole. The reservation resident sample was 
representative of its underlying population, in which incomes are concentrated at the extreme lower 
end of the national range. The visiting recreators had a mean household income about fifty per cent 
greater than the national average; very few recreators had incomes in the lower half of the national 


range. 
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be lower under a zero liability rule than under intermediate or full liability rules (EL Siil: 
The bidding games used were based on zero liability rules, and they should be expected 
to yicld conservative estimates of the benefits of abatement. 

It is recognized that three data points provide an inadequate basis on which to draw 
conclusions with respect to the shapes and slopes of the aggregate bid curves and their 
first derivatives. However, it is consistent with theoretical considerations and with the 
limited data available that the aggregate bid curves may have at least a segment with 
increasing slope. 

It would scem that the income elasticity of bid and the electric bill elasticity of bid 
fallin the range from zero to — 1. This result was consistent with our prior expectations. 


CONCLUDING COMMENTS 


In the case study reported, bidding games were used to estimate the benefits which 
would accrue from abatement of the aesthetic environmental damages associated with 
the Four Corners power plant and the Navajo mine. The problem situation was not 
amenable to the use of direct costing nor revealed demand techniques. 

This study has revealed that substantial benefits may be gained from abatement of 
aesthetic environmental damage associated with the Four Corners power plant and 
Navajo mine. These potential benefits have not been revealed or realized in the market 
place. However, the process of political and institutional change has led to the impo- 
sition of increasingly rigorous control standards for particulate emissions from the 
plant, indicating a recognition, in some broad sense, that benefits may be gained from 
emissions controls. Our contribution has been to attempt a quantification of these 
benefits. 

We believe that the use of bidding game techniques was successful in meeting the 
objective, valuation of these benefits. Bidding game techniques seem amenable to use 
as a research tool for valuation of a wide variety of nonmarket goods. It must be 
understood, however, that bidding games measure the hypothetical responses of 
individuals faced with hypothetical situations. Thus, considerable care must be 
exercised in the design of bidding games and the conduct of surveys for data collection, 
to ensure that the results obtained are as reliable as possible. 
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Valuing Public Goods: A Comparison of Survey 
and Hedonic Approaches 


By Davib S. BROOKSHIRE, MARK A. THAYER, 
WILLIAM D. SCHULZE, AND RALPH C. D’ARGE* 


Although the theory of public goods has 
progressed rapidly since Paul Samuelson’s 
seminal article, the empirical measurement 
of the value of (demand for) public goods 
only recently has received increased atten- 
tion. Perhaps the best known and most widely 
accepted empirical approach has been the 
use of hedonic prices wherein, for example, it 
is assumed that either wages or housing val- 
ues reflect spatial variation in public good 
characteristics of different communities. This 
indirect approach, based on theoretical work 
of Charles Tiebout, Kelvin Lancaster, Sher- 
win Rosen, and others, has proven quite 
successful. Among public goods or bads 
which have been valued using the hedonic 
approach are climate (1. Hoch), air pollution 
(Robert Anderson and Thomas Crocker; D. 
Harrison and D. Rubinfeld), social in- 
frastructure (R. Cummings et al.) and other 
community characteristics such as noise level 
(J. Nelson), and ethnic composition (Ann 
Schnare). 

An alternative approach 1s to directly ask 
households or individuals to state their wil- 
lingness to pay for public goods using survey 
techniques. Despite arguments that strategic 
bias will invalidate survey results, there exists 
the need for an alternative to the hedonic 
approach. As an example, consider the case 
of a remote and unique scenic vista, valuable 
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to recreators, which is threatened by air pol- 
lution from a proposed coal fired plant—a 
typical situation in the western United States. 
Although it is possible, in principle, to im- 
pute the value of clean air and visibility from 
the relative decline in local visitation which 
might follow construction of a power plant, 
information on the value of visibility at the 
site is needed prior to construction for so- 
cially optimal decision making on plant loca- 
tion and pollution control equipment. The 
hedonic approach is unavailable both be- 
cause the scarcity of local population—as 
opposed to recreators—makes use of wage 
or property value data impossible and be- 
cause scenic vistas may themselves be unique. 
For these reasons, A. Randall et al. first 
applied survey methods for valuing visibility 
and other environmental effects of large coal 
fired power plants in the Four Corners re- 
gion of New Mexico. Since this initial appli- 
cation, the survey approach has been widely 
used to value environmental commodities 
where market data for hedonic analysis is 
difficult to acquire (see, for example, Brook- 
shire, Ives, and Schulze; Rowe et al.; Brook- 
shire et al.). Other early attempts to value 
public goods using the survey approach in- 
clude R. Davis, Peter Bohm, and J. Ham- 
mack and G. Brown. 

Although results of using the survey ap- 
proach for estimating the value of public 
goods appear to be internally consistent, rep- 
licable and consistent with demand theory 
(see Schulze et al.), littlke work on external 
validation has been reported. Thus, the pur- 
pose of this paper is to report on an experi-_ 
ment designed to validate the survey ap- 
proach by direct comparison to a hedonic 
property value study. 

The Los Angeles metropolitan area was 
chosen for the experiment because of the 
well-defined air pollution problem and _ be- 
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cause of the existence of detailed property 
value data. Twelve census tracts were chosen 
for sampling wherein 290 household inter- 
views were conducted during March 1978. 
Respondents were asked to provide their wil- 
lingness to pay for an improvement in air 
quality at their current location. Air quality 
was defined as poor, fair, or good based both 
on maps of the region (the pollution gradient 
across the Los Angeles metropolitan area is 
both well defined and well understood by 
local residents) and on photographs of a 
distant vista representative of the differing 
air quality levels. Households in poor air 
quality areas were asked to value an im- 
provement to fair air quality while those in 
fair areas were asked to value an improve- 
ment to good air quality. Households in good 
air quality areas were asked their willingness 
to pay for a region-wide improvement tn air 
quality. The region-wide responses are re- 
ported elsewhere (Brookshire et al.). 

For comparison to the survey responses, 
data was obtained on 634 single family home 
sales which occurred between January 1977 
and March 1978 exclusively in the twelve 
communities used for the survey analysis. As 
we show in the next section, households, in 
theory, will choose to locate along a pollu- 
tion-rent gradient, paying more for homes in 
clean air areas based on income and tastes. 
However, ceteris paribus, we show that the 
annualized cost difference between homes in 
two different air quality areas (the rent dif- 
ferential for pollution) will in theory exceed 
the annual willingness to pay for an equiva- 
lent improvement in air quality for a house- 
hold in the lower air quality area. Thus, the 
rent differential associated with air quality 
improvement from hedonic analysis of the 
property value data must exceed estimates of 
household willingness to pay for the survey 
responses, if the survey responses are a valid 
measure of the value of air quality improve- 
ments. Section H describes the data analysis 
and experimental design in more detail. 

We also conjecture that the willingness to 
pay for air quality improvements ts greater 
than zero for residents in our sample com- 
munities based on statewide political support 
for air quality regulation. The state of Cali- 
fornia, principally in response to the air pol- 
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lution problem in the Los Angeles metro- 
politan area, has led the nation in imposing 
automobile emissions standards. The auto- 
mobile industry, under pressure from the 
California Legislature, installed the first pol- 
lution control devices on California cars in 
1961. This initial step was followed nation- 
ally in 1963. Again, California imposed the 
first exhaust emission control regulations in 
1966, leading the nation by two years. Over 
the decade of the 1970's, California has had 
more stringent automotive emission stan- 
dards than federal levels, resulting in higher 
initial costs and sacrifices in both perfor- 
mance and fuel economy. In spite of these 
difficulties, political support, as reflected 
both in the State Legislature and in several 
administrations, has remained strong for auto 
emission controls. 

In Section III the results of the hypotheses 
tests are presented. As Table 2 illustrates, 
results of the experiment can be summarized 
as follows: In the nine census tracts where 
air quality improvements are possible (poor 
and fair communities), we cannot reject our 
dual hypotheses that, in each census tract, 
household willingness to pay for air quality 
improvements, as estimated by surveying 
households, falls below equivalent property 
value rent differentials and lies above zero. 
We view these results as a qualified verifica- 
tion of the survey approach for estimating 
the value of public goods. Further interpreta- 
tion of the results is contained in the con- 
cluding remarks offered in Section IV. 


I. A Theoretical Basis 


The property value and the survey ap- 
proaches for valuing public goods have re- 
ceived considerable theoretical scrutiny. 
Property value studies are conceptually based 
on hedonic price theory as developed by 
Rosen and recently summarized by A. Myrick 
Freeman. The survey approach has been 
modeled using standard concepts of con- 
sumers’ surplus by Randall et al., Bohm, and 
Brookshire, Ives, and Schulze, where the 
latter two analyses also focus on the possibil- 
ity of strategic behavior. The considerable 
empirical evidence now available suggests 
that strategic bias may be of little conse- 
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quence both in survey work (see R. C. 
Bishop and T. A. Heberlein; Brookshire et 
al.; Rowe et al.; and Schulze et al.) and in 
experimental economics (see David Grether 
and Charles Plott; B. Scherr and E. Babb; 
and Vernon Smith). The hypothetical nature 
of the questions used in survey analysis may 
substantially reduce incentives for strategic 
behavior. However, respondents also may 
have little incentive to provide accurate 
answers concerning willingness to pay for 
public goods. Thus, it has even been sug- 
gested that the survey approach produces 
“noise” since responses are purely hypotheti- 
cal and have no necessary connection to 
actual budgetary decisions. 

In this section, a theoretical model is de- 
veloped for comparison of survey responses 
to a property value study for valuing air 
quality improvements in the Los Angeles 
region in order to determine if valid public 
good measures can be obtained from survey 
data. 

We use the following notation: Let P =the 
level of air pollution; X =consumption of a 
composite commodity excluding housing; C 
=unit cost or price of the composite com- 
modity X; R=rent or periodic cost of hous- 
ing; Y=household income; and U(P, X)= 
household utility, a decreasing function of 
pollution U,<0 an increasing function of 
consumpion U, <0.! 

Each household maximizes utility, U( P, X), 
subject to the budget constraint 


Y—CX—R(P)=0, 


where we assume the existence of a continu- 
ous differentiable rent gradient R(P). (See 
Rosen for a complete discussion of the gen- 
eration and existence of rent gradients. Our 
model is a simple adaptation of Rosen’s, so 
we will not elaborate here.) Two distinct 
choices are modeled: consumption of the 
composite commodity, X, and that of hous- 
ing location by pollution level, P. Presum- 
ably, lower rents will be paid for homes in 


‘Alternatively we could define the utility function 
U(— P, X) which would be an increasing quasi-concave 
function of both arguments. 
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more polluted areas, so R( P)<0.? The first- 
order conditions for choice of P and X imply 
that 


C(Up/U,)= R(P), 


or that the marginal rate of substitution be- 
tween pollution P, and the composite com- 
modity X, valued at the cost of the com- 
posite commodity C, equals the slope of the 
rent gradient R(P) at equilibrium location 
and consumption levels. 

Figure | illustrates the solution graphically 
and allows us to structure hypotheses for 
testing the validity of survey results in com- 
parison to the property value approach. The 
vertical axis measures the quantity of the 
composite commodity, X, where we assume 
that the cost C of the composite commodity 
is unity; that is, the vertical axis measures 
dollars as well. Pollution is on the horizontal 
axis. Given household income Y°, the budget 
constraint, shown as Y° — R(P) in Figure 1, 
is obtained by vertically subtracting the rent 
gradient R(P). Thus, household A with 
preferences shown by indifference curve 1% 
would maximize utility at point a, choosing 
to locate at pollution level P°®, consume X°, 
and pay rent R°. If household A’s income 
were to increase to Y', the budget constraint 
would shift vertically to Y'— R(P) and the 
same household would relocate, choosing 
point b, at a lower pollution level P' with 
higher consumption X', given tastes as repre- 
sented by indifference curve J}. Alterna- 
tively, another household, B, with income Y° 
but tastes as shown by J}, would choose 
point d, locating at P' as well but choosing 
lower consumption XV. Thus, both tastes and 
income enter location decisions over pollu- 
tion levels. 

The survey approach used in the Los 
Angeles metropolitan area to obtain an 
estimate of the value of air quality asked 
households how much, at most, they would 
be willing to pay for an improvement in air 
quality at the site where they presently live. 
Thus, the household in equilibrium at point 
a in Figure | asked how much X it would 


As , oe ; 
Primes or subscripts denote derivatives or partial 
derivatives, respectively, throughout the paper. 
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Composite 
Commodity 


P 


AP Air Pollution 


Figure | 
Note: With identical housing attributes, the identical 
rent differential AR exceeds individual willingness to 
pay, W4 and We? 


forego to experience P' rather than P° while 
maintaining the same utility level. Presum- 
ably, household A would be indifferent be- 
tween points a and c and be willing to pay 
W4 dollars (or units of X) to achieve a 
reduction in air pollution of AP. Unfor- 
tunately, as is illustrated in Figure 1, the 
budget constraint Y° — R(P), obtainable by 
estimating the rent gradient function R(P), 
does not provide information on the bid for 
improved air quality W%. Rather, the change 
in rent between locations with air quality 
levels P°® and P', AR in Figure 1, must, for 
~ any household located at a, equal or exceed 
the bid W%, if the second-order conditions 
for the household optimization problem are 
generally satisfied. Note, that the rent gradi- 
ent R(P) need not be strictly concave or 
convex, but must lie “below” the relevant 
indifference curves. In fact, no a priori theo- 
retical arguments on the shape of the rent 
gradient can be made. However, we can 
establish an upper bound on the willingness 
to pay for air quality improvement by ex- 
amining the rent gradient. For example, if 
household B had a lower income, Y?’, it 
would locate at point e. Even though house- 
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hold B is now located at pollution level P° 
like household A, its bid for an air quality 
improvement AP would be W”, smaller than 
W% yet still less than AR. Thus, if survey 
bids are a valid measure of willingness to pay 
for air quality improvements, then AR > W. 

This hypothesis holds for each household 
even if we consider the case of multiple 
housing attributes. Including other attributes 
such as square footage of the home, 
bathrooms, fireplaces, neighborhood char- 
acteristics, etc., denoted by the vector Z, the 
model is revised as follows: 


max U(Z, Pex): 


subject to Y—CX—R(Z,P)=0, 


with first-order conditions? 


These first-order conditions constitute, along 
with frequency distributions for housing 
characteristics and household preferences, a 
system of partial differential equations which 
solve for R(Z,P).4 Thus, a hedonic rent 
gradient ts defined for pollution P, and other 
household characteristics Z, as well. 

As illustrated in Figure 1, in which hous- 
ing characteristics other than pollution are 
not incorporated, budget constraints for dif- 
ferent households are obtained by vertically 
shifting the same rent gradient. Thus, all 
households face the same rent differential 
AR for a change in pollution level AP even 
though willingness to pay for that change 
may differ, that 1s, wW4+W*. However, 
turning to Figure 2, household. A, located at 
P°, may occupy a house with attributes Z4 
while household B also located at P°® may 
occupy a house with a different set of attri- 
butes Z?. Household A, with income Y%, 
would then face a rent gradient like that 


*The second expression is, of course, a vector of 
conditions, one for each attribute. 

4For a continuous model, one could specify a taste 
parameter in the utility function and specify a distribu- 
tion of houscholds over that parameter. To complete a 
closed model, one also needs the distribution of housing 
units over characteristics. 
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Composite 
Commodity 


P 


Air Pollution 


FiGuRE 2 


Note: With differing housing attributes across house- 
holds, cach rent differential exceeds that houschold’s 
willingness to pay. 


shown in Figure 2 defined by R(Z*, P) and 
choose point a, but household B with income 
Y®, would now face a different rent gradient 
of R(Z®, P) and choose to locate at point b. 
Therefore, households with different housing 
characteristics may face different rent gradi- 
ents over pollution when projected in the 
(X, P) plane. In general, AR, unlike the case 
shown in Figure 1, will no longer be constant 
across households at the same location. 
However, for each household (i= A,B in 
Figure 2), itis still true that the rent differen- 
tial AR‘, for a change in pollution AP, 
calculated for the fixed vector of housing 
characteristics Z‘', will exceed that house- 
hold’s willingness to pay, W', for the same 
change in pollution level at the same loca- 
tion. Note that households were asked their 
willingness to pay with the specific assump- 
tion that they remained in the same house 
and location. Thus, Z‘ for a_ particular 
household was truly fixed—allowing the 
simple analysis in the (X, P) plane as shown 
in Figure 2. 

The first hypothesis for testing the validity 
of the survey approach can be constructed as 
follows: for each household i in a community, 
AR'2W'. It then follows that in each com- 
munity the average rent differential across 
households, AR, must equal or exceed the 
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average willingness to pay W for an improve- 
ment in air quality. In other words, if survey 
bids are a valid measure of willingness to 
pay, then for_each community in our 
sample, AR = IV, that is, average willingness 
to pay cannot exceed the average rent dif- 
ferential. Our second hypothesis is that, given 
the political history of air pollution control 
in the state of California as described in the 
introduction, mean bids in each community 
are nonnegative, W>0. 

Our dual test of the validity of survey 
Measures must remain somewhat imprecise 
because hedonic rent gradients themselves 
only provide point estimates of the marginal 
rates of substitution (slopes of indifference 
curves) between pollution and other goods 
(money) for individuals with possible differ- 
ing tastes and income. One does not have 
information necessary to estimate, for exam- 
ple, the shape of /) in Figure | solely on the 
basis of the slope of the budget constraint, 
R(P°), at point a. Attempts to estimate 
individual willingness to pay (W% in Figure 
1) from hedonic rent gradients must thus 
introduce strong assumptions about the na- 
ture of preferences. (See Harrison and 
Rubinfeld for an example of an hedonic 
approach which derives willingness to pay by 
implicitly making such assumptions.) 

Finally, it should be noted that households 
were asked to hypothetically give up money 
for better air quality in this study, and not 
asked about hypothetical compensation to 
accept worse air quality. The latter type of 
question has consistently evoked biased 
responses (see, for example, Rowe et al.; 
Bishop and Heberlein). 


I}. Sampling and Data Analysis 


The previous section presented a theoreti- 
cal framework for a comparison between the 
survey technique and the property value ap- 
proach for valuing public goods. In order to 
empirically implement the Comparison, the 
two approaches require a consistent sam- 
pling procedure. This section describes the 
sampling procedure and results of the sep- 
arate studies. 

Sampling was restricted to households 
within the Los Angeles metropolitan area. 
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The first concern was air pollution data. Air 
monitoring stations are located throughout 
the Los Angeles area providing readings on 
nitrogen dioxide (NO, ), total suspended par- 
ticulate matter (7SP), and other pollutants. 
The objective was to relate as closely as 
possible the readings of two constituents of 
air pollution (NO, and TSP) to census tracts 
used both for the property value and survey 
studies. The air shed was divided into the 
following air quality regions: “good” (NO, < 
9 pphm) (TSP <90 pug/m"*), “fair”? (NO, 
9-11 pphm) (TSP 90-110 g/m); and 
Spoor s(NOSeeal | eppim) “TSP 10 
pe/m). Improvements from poor to fair 
and fair to good across the region are each 
associated with about a 30 percent reduction 
in ambient pollution levels. Consideration 
was given to wind patterns and topography 
of the area in making these distinctions. 

Many variables may affect the value 
households place on air quality. To control 
for as many of these as possible in advance 
of the actual experiment, the sample plan 
identified six community pairs where each 
pair was relatively homogeneous with respect 
to socioeconomic, housing, and community 
characteristics, yet allowed for a significant 
variation in air quality.> 

The property value analysis attempts to 
provide external validation for the survey 
approach. The absence of such validation 
explains, in our view, the lack of general 
acceptance of survey techniques. The objec- 
tive, then, is to estimate the hedonic rent 
gradient R( Z, P) and calculate rent differen- 
tials associated with the poor-fair and fair- 
good air quality improvements for sample 


>The paired areas with associated census tract marker 
and air quality level are, respectively: 1) Canoga Park, 
# 1345, fair/El Monte, #4334, poor; 2) Culver City, 
#2026, fair/Montebello, #4301.02, and part of 
# 5300.02, poor; 3) Newport Beach, central #630.00, 
fair/Pacific, northeast portion of #2627.02 and south- 
west intersection, good; 4) Irvine, part of #525, 
fair/Palos Verdes, portion of good; 5) Encino, portion 
of #1326, fair/La Canada, south-central portion of 
#4607, poor; 6) Huntington Beach, central portion of 
#993.03 poor/Redondo Beach, eastern portion 
of #6205.01 and #6205.02, good. For a map showing 
the monitoring station locations in relation to the 
paired sample areas and the air quality isopleths, sec 
Brookshire et al. 
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census tracts. These results are then utilized 
for comparison to the survey results. 

An hedonic rent gradient was estimated in 
accordance with literature as recently sum- 
marized by Freeman.® Housing sale price is 
assumed to be a function of housing struc- 
ture variables (living area, bathrooms, fire- 
places, etc.), neighborhood variables (crime 
rate, school quality, population density, etc.), 
accessibility variables (distance employment 
to centers and beach), and air quality as 
measured by total suspended particulates 
(TSP) or nitrogen dioxide (NO,).’ The 
primary assumption of the analysis is that 
variations in air pollution levels as well as 
other household, neighborhood, and accessi- 
bility attributes are capitalized into home 
sale price. Implicit or hedonic prices for each 
attribute are then determined by examining 
housing prices and attribute levels. 

The property value analysis was conducted 
at the household level in order to provide an 
appropriate comparison to the survey instru- 
ment. Thus, the household data used were at 
the micro level of aggregation and include a 
large number of characteristics.* Data were 
obtained for 634 sales of single family homes 
which occurred between January 1977 and 


©The estimation of a hedonic rent gradient requires 
that rather restrictive assumptions are satisfied. For 
example, K. Maler has raised a number of objections to 
the hedonic property value approach for valuing en- 
vironmental goods. These include the possibility that 
transaction costs (moving expenses and real estate com- 
missions) might restrict transactions leaving real estate 
markets in near constant disequilibrium; and_ that 
markets other than those for property alone might cap- 
ture part of the value of an environmental commodity 
The first of these criticisms is mitigated by the extremely 
fluid and mobile real estate market of the late 1970's in 
Los Angeles, where rapidly escalating real property val- 
ues increased homeowner equity so quickly _ that 
“houscjumping,” became financially feasible. The second 
of Maler’s concerns, that other prices, for example, golf 
club fees and wages, capture part of the willingness to 
pay can be addressed empirically. For example, at- 
tempts to test if wages from our survey data across the 
Los Angeles area reflected differences in pollution level 
produced negative results. 

TNote that we use sale price or the discounted 
present value of the flow of rents rather than actual rent 
as the dependent variable. Given the appropriate dis- 
count rate, the two are interchangeable. 

®Tousing characteristic data were obtained from the 
Market Data Center, a computerized appraisal service 
with central headquarters in Los Angeles. 
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March 1978 in the communities used for the 
survey analysis. In addition to the immediate 
attributes of the household, variables which 
reflected the neighborhood and community 
were included to isolate the independent in- 
fluence of air quality differentials on home 
sale price. 

As indicated by Miiler, even under the 
presumption of correct model specification, 
estimation of a single equation hedonic rent 
gradient may be hindered by severe empiri- 
cal difficulties, primarily multicollinearity. 
With respect to this problem, in each of three 
data categories—household, neighborhood, 
and air quality—multicollinearity forced the 
exclusion of variables and the usage of proxy 
variables. For instance, collinearity between 
number of rooms, number of bedrooms, and 
living area as quantitative measures of house 
size allowed the use of only one—living area 
which serves as a proxy for all. Further, since 
housing density and population density mea- 
sure essentially the same phenomenon, only 
the former is used in the estimated equa- 
tions. The estimation procedure was not able 
to separate out the independent influence of 
each air pollutant. Thus, only one pollution 
measure, either NO, or TSP, was utilized to 
describe the level of air quality. In order to 
provide information concerning the sensitiv- 
ity of our analysis, results are presented for 
each of these pollutants. Finally, contrary to 
expectation, a collinearity problem did not 
exist between distance from beach and air 
pollution. This can be attributed, in part, to 
the success of the sample plan in isolating 
the effects of air quality. 

Two alternative nonlinear hedonic equa- 
tions are presented in Table 1, alternatively 
using NO, or TSP to represent pollution 
level. A number of aspects of the equations 
are worth noting. First, approximately 90 
percent of the variation in home sale price is 
explained by the variation in the indepen- 
dent variable set. Second, with only a minor 
exceplion, all coefficients possess the ex- 
pected relationship to the dependent variable 
and are statistically significant at the one 
percent level. The exception is the crime rate 
in both the NO, and TSP equations. Third, 
in their respective equations, the pollution 
variables have the expected negative in- 
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fluence on sale price and are highly signifi- 
cant. The estimated relationship between 
house sale price and pollution is also con- 
sistent with the graphical analysis of Section 
I; that is, the rent gradient is convex from 
below in the pollution/dollars plane. Fi- 
nally, the stability or relative insensitivity of 
the regression coefficients to the particular 
pollution variable indicates that individuals 
have an aversion to pollution in general rather 
than to any one pollutant. 

Estimation of the rent gradient was also 
completed using other functional forms with 
respect to the pollution variable.” The func- 
tional forms which gave the best fit are pre- 
sented in Table 1. Rent differentials were 
calculated both from these and from the 
other estimated forms with results nearly 
identical to those presented here. 

The next step was to estimate the rent 
differential AR, for each individual house- 
hold for each census tract. The rent differen- 


°Since the calculated individual values of the rent 
differentials, AR,, could be sensitive to the estimated 
functional form of the rent gradient with respect to the 
pollution variable, four alternative functional forms were 
tried. Where KX indicates sale price, P the pollution 
variable, and 2,6, X; stands for the estimated coeffi- 
cients (b,) and the other independent variables (X,) 
exactly as specified in Table 1, the estimated equations 
for four alternative functional forms, where NO, 1s used 
as the pollution variable, are as follows (fstatistics are 
presented in parenthesis under the estimated coetfi- 
cients): 


(a) log R=Z,bZ%,  ~.224 log P R? = 8884 
(~ 4.03) SSR = 18.92; 
(b) log R=3,6,Z, —.0197 P R? = 8874 
(e329 SSR =19.08; 
(c) log R=3,6,Z, — —.00297 P? R? = 8866 
(2.56) SSR =19.21; 
(d) log R=36,Z, OOO0391 PR? -= 8861 
(~ 1.88) SSR =19.31, 


Clearly, form (a), which is the same as that presented in 
Table 1, gives the best fit. The /og-linear (a) and semi-log 
(b) forms imply a curvature for the hedonic rent func- 
tion similar to that shown in Figures | and 2, while the 
semi-/og exponential forms, (c) and (d), allow for either 
a concave or convex rent function in the rent-pollution 
plane depending on the estimated coefficient. If TSP is 
used as the pollution variable, precisely the same pattern 
emerges, with functional form (a) giving the best fit. 
However, rent differentials calculated from any of the 
functional forms, using either of the pollutants, give 
results almost identical to those presented in Table 2 
which used the /og-linear NO, equation, 
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TABLE |—ESTIMATED HEDONIC RENT GRADIENT EQUATIONS® 
DEPENDENT VARIABLE = /og (HOME SALE PRICE IN $1,000) 


Independent 
Variable 


Housing Structure Variables 
Sale Date 


Age 

Living Area 
Bathrooms 
Pool 
Fireplaces 


Neighborhood Variables 
Log (Crime) 


School Quality 
Ethnic Composition 
(Percent White) 

Housing Density 


Public Safety Expenditures 


Accessibility Variables 
Distance to Beach 


Distance to Employment 


Air Pollution Variables 
log (TSP) 


log (NO) 
Constant 
R2 


Sum of Squared Residuals 


Degrees of Freedom 


NO, Equation TSP Equation 
018591 018654 
(9.7577) (9.7727) 
—.O18171 ~- 021411 
(— 2.3385) (— 2.8147) 
OOO 17568 OOO17507 
(12.126) (12.069) 
15602 15703 
(9.609) (9.6636) 
058063 058397 
(4.6301) (4.6518) 
099577 099927 
(7.1705) (7.1866) 
— 08381 —.10401 
(— 1.5766) (— 1.9974) 
0019826 001771 
(3.9450) (3.5769) 
027031 043472 
(4.3915) (6.2583) 
— 000066926 — 000067613 
(=9,1277) (= 92359) 
.00026192 00026143 
(4.7602) (4.7418) 
— .011586 — 011612 
(—7.8321) (— 7.7822) 
—.28514 = 126232 
(— 14.786) (— 14.158) 
= 221183 
(— 3.8324) 
— 22407 
(— 4.0324) 
2.2325 1.0527 
(2.9296) (1.4537) 
89 89 
18.92 18.97 
619 619 


*¢-statistics in parentheses. 


tial specifies the premium an_ individual 
household would have to pay to obtain an 
identical home in the next cleaner air region 
(poor to fair for six communities, fair to 
good for three communities). Due to the 
estimated functional form of the rent gradi- 
ent, the calculated rent differential is depen- 
dent upon the value of all other variables.'° 


Tt should be noted that nonlinear estimated equa- 
tions will give biased but consistent forecasts of rent 
differentials. However, if a linear estimated equation is 


The average home sale price change based on 
individual data in each census tract associ- 
ated with an improvement in air quality, 
ceteris paribus, is shown in column (2) of 
Table 2. Column (1) of Table 2 lists com- 
munities by air quality level. The table only 
shows results for the /og-linear NO, equation 
since, as noted above, other specifications 


used for either NO, or TSP, forecast rent differentials 
are larger than the results from the nonlinear estimated 
equations presented here. 
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give nearly identical results. The numbers 
shown are derived by evaluating the hedonic 
housing expression, given the household’s 
characteristics, for a pollution change from 
poor to fair or fair to good as the case may 
be. The resulting sale price differential is 
then converted to an equivalent monthly 
payment through the standard annualization 
procedure and division by twelve.'! Since our 
hypothesis test is posed in terms of the aver- 
age rent differential in the relevant commu- 
nities, a community mean and standard devi- 
ation are then calculated. Column (3) of 
Table 2 shows the number of homes for 
which data was available to calculate average 
rent differentials and standard deviations for 
each community. Monthly rent differentials 
ranged from $15.44 to $45.92 for an im- 
provement from poor to fair air quality and 
$33.17 to $128.46 for an improvement from 
fair to good air quality. The higher figures in 
each case are associated with higher income 
communities. Again, these average differen- 
tials should provide an upper bound for the 
survey results. 

The survey approach followed the work of 
Davis and Bohm in gathering the informa- 
tion necessary for estimating a David Brad- 
ford bid curve. The approach involves the 
establishment of a hypothetical market via a 
survey instrument. Through the work of 
Randall et al. and Brookshire, Ives, and 
Schulze, the necessary structure for con- 
structing a hypothetical market for the direct 
determination of economic values within the 
Hicksian consumers’ surplus framework has 
been developed. The survey reported on here 
is consistent with this previous literature. 

The hypothetical market was defined and 
described both in technical and institutional 
detail. The public good (air quality) was 
described by the survey instrument to the 
respondent 1 in terms of easily perceived levels 
of provision such as visual range through 
photographs'* and maps depicting good, fair, 


"A capital recovery factor equal to .0995° which 
corresponds to the prevailing .0925 mortgage rate in the 
January 1979-March 1978 period is used. 

'21n developing photographs, two observational paths 
from Griffith Observatory in Los Angeles were chosen: 
toward downtown Los Angeles; and looking down 
Western Avenue, The approximate visibility (discerna- 
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and poor air quality levels over the region. 
Respondents had little difficulty understand- 
ing the levels of air quality represented to 
them because of the sharp pollution gradient 
across the region. 

Payment mechanisms!’ were specified with- 
in the survey instrument and the respondent 
was asked to react to alternative price levels 
posited for different air quality levels. In 
every case the basis for the bid for better air 
quality was the existing pollution situation as 
determined by location of their home shown 
on a map of the Los Angeles metropolitan 
area which depicted regional air quality 
levels. Various starting points for the bidding 
prices and differing information structures 
were included in the survey format. Biases 
from alternative starting points and informa- 
tion structures were not present in the results 
(see Brookshire et al.).'* 

The survey was conducted over the period 
of March 1978. A total of 290 completed 
surveys were obtained for the above men- 
tioned areas. Sampling was random within 
each paired area.!° 

Table 2 presents the mean bids and stan- 
dard deviations and number of observations 
in columns (4) and (5), respectively, for each 
community for an improvement in air qual- 
ity. Two types of bids are presented: pro- 
posed improvements from poor to fair air 
quality and from fair to good air quality. In 


ble objects in the distance, not visual range) for poor 
visibility was 2 miles, for fair visibility 12 miles, and for 
good visibility 28 miles. 

"Payment mechanisms are cither of the lump sum 
variety, or Well-specified schemes such as tax increments 
or utility bill additions. The choice in the experimental 
setting varies according to the structure of the contin- 
gent market 

"Questions have been raised as to problems of biases 
in the survey approach. Strategic bias (i.e., free-rider 
problems), hypothetical bias, instrument bias; all have 
been explored. Generally speaking, problems of bias | 
within the survey approach have not been prevalent. For 
a general review of the definition of various biases and 
results of different experiments see Schulze et ali, and 
for investigations of strategie bias utilizing, other de 
mand revealing techniques, see Scherr and Babb, and 
Snuth 

'Tnterviewer bias was not present. No records were 
kept that would enable the testing for nonrespondent 
bias. 
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poor communities— El Monte, Montebello, 
and La Canada—the mean bids ranged from 
$11.00 to $22.06 per month. For the fair 
communities — Canoga Park, Huntington 
Beach, Irvine, Culver City, Encino, and 
Newport Beach—the mean monthly amounts 
range from $5.55 to $28.18 to obtain good 
air quality. 


Il. Test of Hypotheses 


The previous sections have described a 
theoretical structure and two different em- 
pirical estimation techniques for determining 
the value of urban air quality improvements 
in the Los Angeles metropolitan area. The 
theoretical relationship between the valua- 
tion procedures (AR>W) and the hypothe- 
sis that survey bids are nonzero (W>0) are 
tested in this section. 

Table 2 presents the community average 
survey bids (col. (4)) and corresponding rent 
differentials (col. (2)). As is indicated, in 
each community the sample survey bids are 
nonzero and less than the calculated rent 
differentials in absolute magnitude. This 
establishes that the survey bid bounds are 
consistent with our theoretical arguments but 
does not indicate statistical significance, 
which is provided below. 

With respect to the test of equality of 
mean survey bids to zero, Table 2 (col. (6)) 
presents the experimental results. The calcu- 
lated f-statistics indicate rejection of the null 
hypothesis (that the population mean py 
equals zero) at the 1 percent level in every 
community sampled. These results are in 
accordance with the political history of the 
region and indicate that individual house- 
holds are willing to pay amounts. signifi- 
cantly greater than zero for an approximate 
30 percent improvement in air quality. 

The comparison of the survey bids to the 
estimated rent differentials is presented in 
Table 2 (col. (7)). In this instance the com- 
pound hypothesis that population average 
rent differential (tu, z) equals or exceeds the 
population average survey bid (1,7) is again 
tested using the t-statistic. Rejection of the 
null hypothesis requires that the calculated 
/-statistics be negative and of sufficient mag- 
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nitude.'* The standard /-test calculations (col. 
(7)) imply that the hypothesis uz ¢> py, can- 
not be rejected for the population means pz 
and py even at the 10 percent critical level. 
Although we present only the results for the 
hedonic housing equation in which log (NO,) 
is the pollution measure, these results remain 
essentially unchanged for all communities, 
for all estimated hedonic rent gradients, re- 
gardless of the variable (NO, or TSP) utilized 
as a proxy for the general state of air quality. 
The results then are quite insensitive to the 
particular hedonic model specification, pro- 
viding a degree of generality to the results. 

The hypotheses tests indicate that the em- 
pirical analysis is entirely consistent with the 
theoretical structure outlined above. This 
conclusion, when combined with the absence 
of any identified biases (see Brookshire et 
al.) suggests that survey responses yield 
estimates of willingness to pay for environ- 
mental improvements in an urban context 
consistent with a hedonic-market analysis. A 
further implication is that individual house- 
holds demonstrated a nonzero willingness to 
pay for air quality improvements rather than 
free riding. This conforms to the previous 
survey results of Brookshire, Ives, and 
Schulze, and Rowe et al., as well as the 
experimental work of Scherr and Babb, 
Smith, and Grether and Plott, concerning the 
role of strategic behavior. This seems to indi- 
cate that the substantive effort to devise a 
payment mechanism free of strategic incen- 
tives for consumers (see Theodore Groves 
and John Ledyard) has been directed to- 
wards solving a problem not yet empirically 
observed. 

Another important question 1s the accu- 
racy of willingness to pay estimates based on 
surveys. Bishop and Heberlein conclude— 
based on a survey approach quite different 
from that cited throughout this study—that 
survey estimates of willingness to pay might 
be biased downward by 55 percent for goose 


'6For instance, rejection of the null hypothesis (paz 
> jj,) at the | percent level would require a calculated 
statistic less than ~— 2.326, given a large number of 
observations. Since none of the calculated fstatistics arc 
negative, the null hypothesis cannot be rejected (see W 
Guenther). 
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TABLE 2— TESTS OF HYPOTHESES 


Property Value Results* Survey Results Tests of Hypotheses 
AR Ww - . . ~ . A 
(Standard Number of (Standard Number of (eidteies /-Statisties 
Community Deviation) Observations Deyiation) Observations by oO PyRe hw 
(1) (2) (3) (4) (5) (6) (7) 
POOR-FAIR 
El Monte 15.44 22 11.10 20 3.78 1.51 
(2.88) (13.13) F wank 
Montebello 30.62 49 ee 19 3.28 Ff 
(7.26) (15.15) 
La Canada 73.78 51 22.06 17 2.74 4.10 
(48.25) (33.24) 
Sample 45.92 122 14.54 56 4.96 5.54 
Population (36.69) (21.93) 
FAIR-GOOD 
Canoga Park 33.17 22 16.08 34 6.07 5.07 
(3.88) (15.46) } is 
Huntington Beach 47.26 44 24.34 38 B92 5.4 
(10.66) (25.46) 
Irvine 48.22 196 22.37 Da, 6.08 5.08 
(8.90) (19.13) 
Culver City 54.44 64 28.18 30 5.42 11.85 
(16.09) (34.17) 
Encino 128.46 45 16.51 37 75) 2aS 
(51.95) (13.38) 
Newport Beach 77.02 22 5.55 20 3.63 7.65 
(41.25) (6.83) 
Sample 59.09 393 20.31 1kK6 12702 14.00 
Population (34.28) (23.0) 


*Rent differentials for the hedonic housing equation in which /og(NO;) is the relevant pollution vanable are 


presented here. 


>The hypotheses to be tested were Hy: pjy=0; M,: pj >0. All test statistics indicate rejection of the null 


hypothesis at the | percent significance level 
“The hypotheses to be tested were Hy: pap fey s 1A, 
could not be rejected even at the 10 percent level. 


hunting permits. Interestingly, the more 
traditional travel cost approach gave a down- 
ward bias of 67 percent. The basis for calcu- 
lating both biases was actual repurchase of 
goose hunting permits. For purposes of com- 
parison, if survey estimates of willingness to 
pay for air quality improvement are in- 
creased by 50 percent over those shown in 
Table 2, then, for eight out of nine communi- 
ties, average willingness to pay still lies be- 
low estimated average rent gradients. Thus, 
our results are consistent with the possibility 
of errors of about 50 percent in estimating 
willingness to pay, just as in the Bishop and 
Heberlein study. Although better accuracy 
would be highly desirable, in many cases 


SMart yy. All test statistics rndicate that the null hypothesis 


where no other technique is available for 
valuing public goods, this level of accuracy is 
certainly preferable to no information for the 
decision-making process. 

The conclusions of this experiment are not 
without further qualifications. In the next 
section, possible limitations of survey analy- 
sis and conclusions concerning the efficacy 
of employing surveys to value a wide range 
of nonmarket commodities are discussed. 


IV. Conclusion 
There are a number of limitations in gen- 


eralizing our results to all survey work. First, 
this experiment was conducted in the South 
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Coast Air Basin where individuals have both 
an exceptionally well-defined-regional pollu- 
tion situation and a well-developed housing 
value market for clean air. The effect of 
clean air on housing values appears to be 
exceptionally well understood in the Los 
Angeles metropolitan area. Thus, the Los 
Angeles experiment may be a special case in 
which an informed populace with market 
experience for a particular public good al- 
lowed the successful application of the survey 
approach. In particular, situations where no 
well-developed hedonic market exists may 
not be amenable to survey valuation. Biases 
due to lack of experience must then be con- 
sidered a possibility. However, existing stud- 
ies by Randall et al. and Brookshire, Ives, 
and Schulze, and Rowe et al. of remote 
recreauion areas certainly suggest that survey 
approaches provide replicable estimates of 
consumers’ willingness to pay to prevent en- 
vironmental deterioration, without prior val- 
uation experience. 

In summary, this paper set out to both 
theoretically and empirically examine the 
survey approach and to provide external 
validation for survey analysis. The theoreti- 
cal model described in Section I predicts that 
survey responses will be bounded below by 
zero and above by rent differentials derived 
from the estimated hedonic rent gradient. In 
order to test the dual hypotheses a survey 
and a traditional analysis of the housing 
market were undertaken. Each was based 
upon a consistent sampling procedure in the 
Los Angeles metropolitan area. The empiri- 
cal results do not allow the rejection of either 
of the two hypotheses. thereby providing evi- 
dence towards the validity of survey methods 
as a means of determining the value of pub- 
lic goods. 
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Willingness To Pay and Willingness To Accept: 
How Much Can They Differ? 


By W. Michiaet HANEMANN* 


In many empirical studies, analysts seek 
to obtain money measures of welfare 
changes due not to price changes but to 
changes in the availability of public goods or 
amenities, changes in the qualities of com- 
modities, or changes in the fixed quantities 
of rationed goods. The conventional welfare 
measures for price changes are the compen- 
sating (C) and equivalent (£) variations, 
which correspond to the maximum amount 
an individual would be willing to pay (WTP) 
to secure the change or the’ minimum 
amount she would be willing to accept 
(WTA) to forgo it. Karl-Géran Miler (1974) 
was perhaps the first to show that the con- 
cepts of C and E can readily be extended 
from conventional price changes to such 
quantity changes. For price changes, Robert 
Willig (1976) demonstrated that C and E 
are likely to be fairly close in value, with the 
difference depending directly on the size of 
the income elasticity of demand for the 
commodity whose price changes. Subse- 
quently, Alan Randall and John Stoll (1980) 
examined the duality theory associated with 
fixed quantities in the utility function and 
showed that, with appropriate modifica- 
tions; Willig’s formulas for bounds on C 
and E do, indeed, carry over to this setting. 

Within the environmental-economics lit- 
erature, Randall and Stoll’s results have 
been widely interpreted as implying that 
WTP and WTA for changes in environmen- 
tal amenities should not differ greatly unless 
there are unusual income effects.' However, 
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Freeman (1979 p. 3), Mark A. Thayer (1981 p. 30), Jack 
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678), and most of the participants in a recent sympo- 
sium on valuing amenily resources edited by George L. 
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recent empirical work using various types of 
interview procedures has produced some ev- 
idence of large disparities between WTP 
and WTA measures.” This has led to some- 
thing of an impasse: how can the empirical 
evidence of significant differences between 
WTP and WTA be reconciled with the the- 
oretical analysis suggesting that such dif- 
ferences are unlikely? Can they be ex- 
plained entirely by unusual income effects 
or by peculiarities of the interview process? 
In this note, I reexamine Randall and 
Stoll’s analysis and show that, while it is 
indeed accurate, its implications have been 
misunderstood. For quantity changes, there 
is NO presumption that WTP and WTA must 
be close in value and, unlike price changes, 
the difference between WTP and WTA de- 
pends not only on an income effect but also 
on a substitution effect. By the latter, I 
mean the ease with which other privately 
marketed commodities can be substituted 
for the given public good or fixed commod- 
ity, while maintaining the individual at a 
constant level of utility. ] show that, holding 
income effects constant, the smaller the 
substitution effect (i.e., the fewer substitutes 
available for the public good) the greater 
the disparity between WTP and WTA. This 
surely coincides with common intuition. If 
there are private goods that are readily sub- 
stitutable for the public good, there ought 
to be little difference between an individual’s 
WTP and WTA for a change in the public 
good. However, if the public good has al- 
most no substitutes (e.g., Yosemite National 
Park, or in a different context, your own 
life), there is no reason why WTP and WTA 
could not differ vastly: in the limit, WTP 
could equal the individual’s entire (finite) 


2See the summaries in table 3.2 of Ronald G. Cum- 
mings et al. (1986) and table | of Ann Fisher et al. 
(1988). 
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income, while WTA could be infinite. My 
argument is developed in the following two 
sections. Section I deals specifically with the 
two polar cases of perfect substitution and 
zero substitution between the public good 
and available private goods. Section II deals 
with Randall and Stoll’s extension of Willig’s 
formulas and shows that their bounds are, 
in fact, consistent with substantial diver- 
gences between WTP and WTA. Section III 
presents empirical application of these 
bounds and relates them to Maler’s concept 
of weak complementarity. 


I. Two Polar Cases 


The theoretical setup is as follows. An 
individual has preferences for various con- 
ventional market commodities whose con- 
sumption is denoted by the vector x as well 
as for another commodity whose consump- 
tion is denoted by q.* This could represent 
the supply of a public good or amenity; it 
could be an index of the quality of one of 
the private goods; or it could be a private 
commodity whose consumption is fixed by a 
public agency.4 The key point is that the 
individual’s consumption of q is fixed ex- 
ogenously, while she can freely vary her 
consumption of the x’s. These preferences 
are represented by a utility function, u(x, q), 
which is continuous and nondeceasing in its 
arguments (I assume that the x’s and q are 
all ‘““goods”) and strictly quasiconcave in x. 
The individual chooses her consumption by 
solving 


(1) max u(x,q) subject to }° p,x;= y 


taking the level of q as given. This yields a 
set of ordinary demand functions, x. = 


hi(p,q, y), i=1,...,N, and an indirect util- 
ity function, vu(p, 4, y) = ulh(p, q, y), g], 


Tam treating q as a scalar here, but it could be a 
vector without seriously affecting the analysis in this 
section. In the next section, however, the analysis would 
become significantly more complex if q were a vector 
and more than one element of q changed. 

These alternative interpretations are offered, re- 
spectively, by Maler (1974), Hanemann (1982), and 
Randall and Stoll (1980). 
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which has the conventional properties with 
respect to the price and income arguments 
and also is nondecreasing in q.° Now sup- 
pose that q rises from q° to q'>q° while 
prices and income remain constant at (p, y). 
Accordingly, the individual’s utility changes 
from u° = u(p,q®, y) to u! = v(p,q', y) =u". 
Following Maler, the compensating and 
equivalent variation measures of this change 
are defined, respectively, by® 


(2) v(p,q',y—C)=0(p,q°,y) 
(3) v(p,q',y)=0(p,4°,y + E). 


Dual to the utility maximization in (1) is 
an expenditure minimization: minimize 
Lp;x; with respect to x subject to u =(x,q), 
which yields a set of compensated demand 
functions, x;= g'(p,q,u), i=1,...,N, and 
an expenditure function, m(p,q,u)= 
Lp;g'(p,q,u), which has the conventional 
properties with respect to (p,u) and is non- 
increasing in q. In terms of this function, C 
and E are given by 


(2') C=m/(p,q°,u°)—m(p,q',u°) 
(3') E=m/(p,q°,u')— m(p,q',u'). 


It is evident from (2) and (3) that0<C < 
y while E> 0.’ The questions at issue are: 
i) is it true that E/C=1? and ii) what 
factors affect this ratio? As a first cut at an 
answer, I compare two polar cases. In the 
first case, at least one private good—say, 
the first—is a perfect substitute for some 


*These properties are established in my earlier pa- 
per (Hanemann, 1982). 

I have taken the liberty of defining C and E as the 
negative of quantities appearing in Willig (1976) and in 
Randall and Stoll (1980), so that sign(C) = sign(E) = 
sign(u! — u®), 

7] assume throughout that g!> q° and u! > u°. The 
analysis could be repeated for a case in which quality 
decreases and u' <u®. In that case, C and E are both 
nonpositive and correspond, respectively, to the com- 
pensation that the individual would be willing to accept 
to consent to the change and the amount that she 
would be willing to pay to avoid the change. This would 
reverse the inequalities presented in what follows, but 
it would not affect the substance of my argument. 
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transformation of qg. Thus, the direct utility 
function assumes the special form 


(4) u(x,q) =a x, GUL eres 


where y(-) is an increasing function and 
u(-) is a continuous, increasing, strictly 
quasi-concave function of N variables. As 
W. M. Gorman (1976) has shown, assuming 
an interior solution, the resulting indirect 
utility function is 


(5) v(p,4,y) 
= D[ Py, Pas---s Puy + Py ¥(4)| 


where D(-) is the indirect utility function 
corresponding to i(-). Substitution of (5) 
into (2) and (3) yields the following:® 


PROPOSITION 1: Jf at least one private 
market good ts a perfect substitute for q, then 
C= E. 


At the opposite extreme, I assume that 
there is a zero elasticity of substitution not 
just between qg and x, but between q and 
all the x’s. Thus, the direct utility function 
becomes 


(6) u(x,q) 


ale, x| : XN 
SPT ieayTE ep ore ON 
ay an 


where a,,...,@,y are positive constants and 
u(-) is conventional direct utility function. 
In this case, the indirect utility function 
v(p,q, y) has a rather complex structure and 
changes its form in different segments of 
(p,q, y)-space. It will be sufficient for my 
purposes to focus on just one of these seg- 
ments. Suppose that q<y/Upja;; then, 
the maximization of (6), subject to the bud- 
get constraint, yields demand functions 
and an indirect utility function of the 
form x;=h(p,q,y)=a,;q, and u= 


®This result caries over, of course, if more than one 
private good is a perfect substitute for q. In the most 
general case, u(x, q) = Ux, + 4,(q),...,%y + W(q)] and 
C=E=Lplwlq')— oq). 
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o(p, gq, y) = W(q,...,q) = w(q). In this region 
of (p,q,y)-space, the individual does not 
exhaust her budget, and her marginal utility 
of income is therefore zero. Now suppose 
that gq’ <y/Lp,a; and q!>q°. Since 
v(p,q', y) > w(q”), it is evident from (2) that 
the individual would be willing to pay some 
positive but limited amount C to secure this 
change. However, for any positive quantity 
E, no matter how large, v(p,q°, y + E)= 
v(p,q°, y)=w(q"). This implies the follow- 
ing proposition. 


PROPOSITION 2: If there is zero substi- 
tutability between q and each of the private- 
market goods, it can happen that, while the 
individual would only be willing to pay a 
finite amount for an increase in q, there is no 
finite compensation that she would accept to 
forgo this increase, 


It should be emphasized that this result 
obtains only in a portion of (p,q, y) space; 
in other regions, even with (6), E would be 
finite.’ However, the result in Proposition 2 
can also be established for other utility 
functions that permit some substitutability 
between q and the x’s as long as the indif- 
ference curves between q and each of the 
x’s become parallel to the x-axis at some 
point. The implication of these two proposi- 
tions is that the degree of substitutability 
between q and private-market goods does 
significantly affect the relation between C 
and E£. In the next section, | show how this 
observation can be reconciled with the 
bounds on C and E£ derived by Randall and 
Stoll. 


II. Randall and Stoll’s Bounds 


In order to extend Willig’s bounds from 
price to commodity space, Randall and Stoll 
focus on a set of demand functions different 
from those considered above. Suppose that 
the individual could purchase q in a market 


Indeed, if hia, Pipers ONPN SY) S HO TE ecnce IME 
it can be shown that (p,q, ¥) = ep, q!, y)= 
D(a, pPy,---,ayPy.y) and C= f= 0, where h'(-) and 
7+) are the ordinary demand functions and the indi- 
rect utility funetion associated with a: ), 
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at some given price, 7. It must be empha- 
sized that this market is entirely hypotheti- 
cal since q is actually a public good. Instead 
of (1), she would now solve!” 


(7) maxu(x,q) 


X,q 
subject to )) p,x; + 7q = y. 


Denote the resulting ordinary demand func- 
tions by x,;=/h(p,7,y), i=1,...,N and 
g=h(p,7,y). The corresponding indi- 
rect utility, function is O(p,7, y)= 
ulh(p, 7, y), 47(p, 7, y)]. The dual to (7) is: 
minimize Lp,x; + mq with respect to x and 
q subject to u = u(x, q). This generates a set 
of compensated demand functions, x; = 
6 (pia, tu). Daly. aN ands) go 6 (pate), 
and an expenditure function, #(p,7,u)= 
Lp.é(p,7,u) + 7é(p,7,u). These fune- 
tions are hypothetical, since q is really ex- 
ogenous to the individual, but they are of 
theoretical interest because they shed light 
on the relation between C and FE. 

For any given values of q, p, and wu, the 
equation 


(8) q= 8"(p,7,u) 


may be solved to obtain 7 = 7(p,q,u), the 
inverse compensated demand (i.e., willing- 
ness-to-pay) function for g: 7(-) is the price 
that would induce the individual to pur- 
chase q units of the public good in order to 
attain a utility level of u, given that she 
could buy private goods at prices p. Let 
7° =7(p,q’,u") and wr! =7(p,q',u') de- 
note the prices that would have supported 
q° and q', respectively. The two expendi- 
ture functions dual to (1) and (7) are related 


by 
(9) m(p,q,u) =m[p,7(p,g,u),u] 
soot Ds Qelb)) Sth 
"Tt is now necessary to assume that u(-) is strictly 
quasi-concave in both x and q, rather than x alone. See 


footnote 22 for an example in which this is a nontrivial 
restriction. 


The Economics of the Environment 


JUNE 1991 


This implies that'' 
(10) m,(P,q,U) = — 7(p,q,u)- 
Combining (10) with (2’) and (3’) yields these 


alternative formulas for C and E, expressed 
in terms of the willingness-to-pay function: 


1 
(a) c=f" (p,q,u°) dq 
q 
1 
(3”) E=f* #(p,q,u') dq. 
q 


It can be shown that sign (7,,) = sign(h?). 
Therefore, for given (p,q), the graph of 
a(p,q,u') lies above (below) that of 
a(p,q,u°"), and E> (<) C, when q isa 
normal (inferior) good. Figure J] shows E 
and C for the case in which q is normal: E 
corresponds to the area q°ayq', while C 
corresponds to the area q°Béq'. 

Using techniques pioneered by Willig 
(1976), Randall and Stoll (1980) establish 
bounds on the difference between each of C 
and £ and the area under an inverse ordi- 
nary demand function for q. From this, they 
derive bounds on the difference between C 
and £. However, the requisite inverse ordi- 
nary demand function is obtained in a rather 
special manner. Given any level of g, one 
can ask what market price 7 would induce 
the individual to purchase that amount of 
public good if it were available in a market, 
while still allowing her to purchase the 
quantity of the x’s that she actually did buy 
at market prices p and with income y. In 
conducting this thought experiment, one 
needs to supplement the individual’s in- 
come so that she can afford q as well as the 
x’s. Thus, for given (p,q, y), one seeks the 
price 7 that satisfies 


(11) q=h"(p,7,y + 7q). 


"Using subscripts to denote derivatives, differenti- 
ate (9) and note that q= ¢p,7,u) = m (p.m, u) by 
Shephard’s lemma. Equations similar to (9)-(12) are 
presented by J. P. Neary and K. W. S, Roberts (1980), 
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9% p.7, ul) 


dle, r,u?) 


FiGureE 1. WTP anp WTA For A CHANGE IN q 


The solution will be denoted by w= 
(p,q, y). This inverse function is related to 
the inverse compensated demand function 
by the identities!* 


(12a) 7#(p,q,y) 
=7[p,¢,v(p,4,¥)] 

(12b)  7(p,q,u) 
=7[p,q,m(p,q,u)]. 


Both identities play a role in the analysis. 
From (12a) it follows that 7° = #(p,q°,u°) 
= wp, g°, y) and a! = #(p, q',u') = 
a(p,q', y). Hence, the graph of (p,q, y) as 
a function of q intersects the graph of 
a(p,q,u°) at q=q°, and the graph of 
a(p,g,u') at q=q'. This is depicted in 


Note that w(p,q,y) is not an inverse ordinary 
demand function in the sense of Ronald W. Anderson 
(1980), because it involves an income adjustment as 
well as a price effect. 
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Figure 1,'? From (12b) and (10), one obtains 
(13) m,(p,q,u) 


=~—7[p,q,m(p,q,u)] 


which is the fundamental differential equa- 
tion underlying Randall and Stoll’s 
analysis.'* Also, by differentiating (12b) and 
then using (13), it can be shown that the 
concavity of mm£(p,7,u) in a, which itself 
follows from the quasi-concavity of u(x, q) 
in q, implies the following negativity condi- 
tion on the Slutsky term associated with 
#(p,4,y): t, — 7H, <0." 
Define the quantity 


1 
(4) A= f"#(p,q,y) da 
q 


which corresponds to the area q°By6q! in 
Figure 1, This is a sort of Marshallian con- 
sumer’s surplus, which is to be compared 
with C and £.'° Let 


dln (p,q, y) 
dln y 


II 


g 


be the income elasticity of 7(p,q, y); Ran- 
dall and Stoll call this the “price flexibility 
of income.” Assume that, over the range 
from (p,q°, ») to (p,q', y), this elasticity is 
bounded from below by €' and from above 
by €Y, with neither bound equal to 1. Using 


'31t is commonly supposed the 7, <9, so that 7> 
a! when q’ <q! (see e.g., Richard E. Just et al., 1982 
fig. 7.12), but this is not correct, It can be shown that 
a" sr! according to whether » $ 1/a, where 7 and 
a are defined in the text below equation (16’). Since 
Lan, t+an=1 by the Engel aggregation condition, 
where a; = pjh'(p,7, y + 7q)/(y + 7wq) and 7; = 
(y + aq hi(p, 7, y+ aq)/ hp, 7, y+aq), it follows 
that 7” Sz! if and only if Lan; S 0. 

14This corresponds to Randall and Stoll’s equation 


Also, because (+) is linearly homogeneous in 
(p, 7), it follows that 7(p, q, y) is linearly homogeneous 
in (p, y). 

!}ts relation to the conventional Marshallian con- 
sumer’s surplus associated with the demand for the x’s 
is analyzed in Proposition 4. 
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the mean-value theorem, as in Willig’s 
(1976) equation 18, and integrating (13) 
yields Randall and Stoll’s result, namely, 
the following. 


PROPOSITION 3: Assume &' <&< €" 
where £6 #1 and EY #1. Then, 


1 
gd eer E 
rod cae 


(iy Oe : 
ii) O<1- ie] oS a 
( < f 5 si. 


A 
If€’ <l,orifEY> 1 and Ula ie >t, 


jel ate a Alice 
Git) = | ( onl 


A 
If é’ > 1, or if €& <1 and a a ee) 


‘ Cc hal her a = L ey 
ae ( a 


Applying a Taylor approximation, as in 
Willig (1976), and assuming that the condi- 
tions in (iii) and (iv) are satisfied, one ob- 
tains 


2 2 


A 
1 L— <E-C<€¥—., 
(15) Mingle ett ec 


This is commonly interpreted as implying 
that C and E are likely to be close in value, 
but whether or not that is correct clearly 
depends on the magnitudes of A/y and 
the bounds é" and €¥. The magnitude of 
A/y depends in part on the size of the 
change from q°® to q'; but what can be said 
about the likely magnitude of the income 
elasticity, €? Could it happen, for example, 
that €' =o? To answer that question, dif- 
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ferentiate (11) implicitly: 


d7(p,q,y) 


ae 


A4(p,7,y + 17q) 
SS SSS a ae ene 
h4(p,7,y+7q) +qh4(p,7, y+7q) 


By the Hicks-Slutsky decomposition, the de- 
nominator is equal to the own-price deriva- 
tive of the compensated demand function 
for g and is nonpositive: 
83[p,7,0(p,4,y)] 
=h4(p,7,y + 7q) + gh4(p,7, y + 74) 
<0. 


Converted to elasticity form, (16) becomes 


wntl ae) 


(16’) ae P 


where 


(y + 7q)h3(p,7, y + 74) 
h’(p,7,y + 7q) 


n 


is the income elasticity of the direct ordi- 
nary demand function for q, 


wh(p,7, y +17q) 


a= 
yor sg 


is the budget share of q in relation to 
“adjusted” income, and 


782[p,7,v(p,4,y)] 
&"[p,7,0(p,9, ¥)] 


— 


is the own-price elasticity of the compen- 
sated demand function for q. 

The denominator in (16') can be related 
to the overall elasticity of substitution be- 
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re ee EE nn ners 77, 
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tween q and the private market goods 
X1,+++,Xy- Assume that the prices p,,..., py 
vary in strict proportion (i.e., p;= 0p, for 
some fixed vector p and some positive scalar 
6). Let the aggregate Allen-Uzawa elasticity 
of substitution between q and the Hicksian 
composite commodity x9 = Lp,x; be de- 
noted by go». By adapting W. E. Diewert’s 
(1974) analysis, the following formula can 
be established relating o) to the com- 
pensated own-price elasticity for gq: e¢= 
—o — a).'” Hence, (16') may be written 


(17) Gas. 


This equation is my fundamental result. It 
explains the findings in the preceding sec- 
tion about the importance of substitution 
elasticities. It demonstrates that for changes 
in q, unlike for changes in p, the extent of 
the difference between C and E depends 
not only on income effects (i.e., 7) but also 
on substitution effects (i.e., a). If, over the 
relevant range, either 7 = 0 (no income ef- 
fects) or a, = (perfect substitution be- 
tween qg and one or more of the x’s), then 
é' = €U=() and, from Proposition 3, C= A 
= EF. On the other hand, if either the de- 
mand function for q is highly income elastic 
or there are very few substitutes for gq among 
the x’s so that a, is close to zero, this could 
generate very large values of € and a sub- 
stantial divergence between C and E. 


Ny deriving this result, one evaluates m(p,7r, 1), 
eUp,7,u), and g(p,7,u) at uw=v(p,q,y). Hence, 
the budget shares introduced above satisfy a= 
whUp,7,y + rqg)/ly + rare p, 7, u)/m(p, 7,0), 
and on php, a, y + wa)/(y + TQ) = 
Pp, Ep, 7,1) / ip, 7,0), In addition to the compen- 
sated own-price demand elasticity, ¢, | introduce the 
compensated cross-price demand clasticities +, = 
In GUp, 7, u)/dp,. The homogencity of ¢“(-) in (p, 7) 
implies that ¢ + Le; =0. Under the assumption that 
p;=9p,;, j=1,.:., N, the Allen-Uzawa elasticity of sub- 
stitution between q and the composite good x, is 
given by a, =[(064/d0)-0/q)/ay where a, = La; =1 
—a is the expenditure share of x) and @ is treated as 
its price. Observe that 0¢4/00 = L(0E"/dp,): pj = 
LIE" /dp,) (p; /O) =(q/ Le; = —(g/Me. Hence, 
71 = a) =(0/q 0847/00) = — €. 
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Ili. Applications 


In the first application of (17), the price 
flexibility of income, &, is assumed to be a 
constant. In that case, as Randall and Stoll 
note, the bounds in Proposition 3 hold as 
equalities, and (for simplicity I focus on the 
case where & # 1): 


C Alw 
(18a) sn efina-94| : 
y y 


HS | 
; 


1 


(18b) —= 
y 


However, before these formulas can be used 
to calculate C and E, one must detemine 
how A varies with &. 

If the price flexibility of income is to be 
constant, the inverse ordinary demand func- 
tion must take the form 
(18c),  #(p,g,y)=(p,a) ¥* 
where yw >0. Define G(p,q)= [W(p, q) da; 
from (14):'8 


(18d) 4 = y£[G(p,q')- G(p,q°)]. 


Substituting (18c) into (13) and integrating 
yields the indirect utility function that gen- 
erates (18c): 
(18e) v(p,g,y) 

1 


S7lily! “4 (eG). oP 


where 7(-) is some function that is homo- 
gencous of degree zero, increasing in its 
firstargument, and nonincreasing in its other 
arguments. 


181 Order to satisfy the negativity and homogeneity 
conditions, #(-) should be increasing in gq and homo- 
geneous of degree |— € in p. It lollows that GC), too, 
is homogeneous of degree | € in p. 
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The corresponding demand function for 
Gn h(p,7, y) can be derived from (18e) by 
solving max ,[0(p.q, Y —7q)j. In general, a 
closed-form solution cannot be obtained. 
However, implicit differentiation of the 
first-order condition for this maximization 
yields the following expression for the in- 
come elasticity of demand: 


yy + Ep7qy*' 
— qy, + Ew’aqye 
It follows that having a constant € is gener- 
ally not consistent with having a constant 7 
or a constant o,. An exception occurs when 
(19a) Ep =— qu, 
in which case 7 =1 and, from (17), o9= 
1/€é (i.e., the price flexibility of income is 
merely the reciprocal of the elasticity of 
substitution between q and the x’s). Inte- 
grating (19a) yields (p,q) = K(p)q~é 
for some function K(p)> 0 which is homo- 


geneous of degree 1—£, and G(p,q)= 
K(p)q'~§ /(1— €). Hence, 


(19) 4/y 


=K(p)y"[(a')' f= (a)! J/a-6) 


and the formulas for C and E become 


(196) Ne7y 
1 


=1-{1- K¢wyy"[(atyF Cary] 


(19d) E/y 


1 
1-€ 


={14 KE tfCaty Cay] 


This model with a unitary income elastic- 
ity, 7, is the only case in which é, 7, and 
a, can all be constant simultancously. 
it can be shown to be a generalization 
of the CES utility model u(x, q) = 
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[b(x)'!-£ + aq'~£]'/'~£ with homogeneous 
aggregator function, (-).'? 

Equation (19b) makes explicit the depen- 
dence of A on &€. From (19c) and (19d), it 
follows that the ratio E./C is increasing in 
both K(p) and &. Table 1 tabulates. this 
ratio for several values of K and &, for 
cases where g° = 1 and q' =3. Observe that 
a low elasticity of substitution (a ~ 0.07) 
can generate a fivefold difference between 
C and E, even when A /y is very small.?? A 
similar divergence between C and E can be 
obtained with a relatively moderate elastic- 
ity of substitution (a9 = 0.99), provided that 
the change matters a lot, in the sense that 
C/y is large (C/y ~ 0.8). However, C is 
almost identical to E when moderate or 
large elasticities of substitution are com- 
bined with low values of C/y. 

The second application is the case in 
which the inverse demand function takes 
the form 
(20a) 7(p,q,y)=(p,q)er” 
and the price flexibility of income is = 
y(p): y, for some y(-)> 0 which is homoge- 
neous of degree — | in p, and some y{-) > 0 
which is homogeneous of degree 1 in p. 
Substituting (20a) into (13) and integrating 
yields the indirect utility function that gen- 
erates (20a): 


(20b)  v(p,q,y) 


e Y(Pyy 


=D ey +G(p,q),p 


The difference is that the CES model generates an 
indirect utility function of the form 


5(p.a,y)=[y'-§+ K(p)q' fF] * 


whereas the indirect utility function associated with 
(19a)-(19c) is 


v(p,9,¥)=T[i(p,q,y),p]. 


This is the order of magnitude by which WTA 
exceeds WTP in some of the empirical studies summa- 
rized in table 3.2 of Cummings et al. (1986), 
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is y K(p) vo A/y C/y E/y EWG 
14 1 0.95 0.0714 0.073 0.05 0.259 Seliei 
1.01 100 1.4 0.99 1.602 0.796 4.026 5.059 
0.677 100 8.1 1.481 2.414 0.991 4.975 5.003 

0.677 100 0.1 1.481 0.03 0.029 0.03 1.02 


where G = {i(p,q) dq, and T is some func- 
tion that is homogeneous of degree zero, 
increasing in its first argument, and nonin- 
creasing in the other arguments. The corre- 
sponding formula for the elasticity of substi- 
tution between q and the x’s, expressed as 
a function of (p,q, y), can be shown to be 


wy +qper” 
— ay, + yyqure” 


(20c) 


Ones 


From (20a) and (20b) it follows that 
(20d) A= eY | G(p,q')- G(p,q°)] 
(20e) C=y(p) ‘-In[1+ y(p) A] 


(20f) E=—y(p) ':In{1—y(p) A]. 


(note that, when yA > 1, E =~). The ratio 
E/C is clearly increasing in y(p) and A. 
In order to proceed further, it is neces- 
sary to take a closer look at A. For this 
purpose, I focus on the special case of 


(20) in which y(p)=y/py, wp, g)= 
be%t 4p! Ppt (B—1), and 
(21a) v(p.a,y)= 
ai bq 
Beat) ei Dgkt DusPoePeacas Pry 
Y Bisa! 


with y and 6 as positive constants and with 
B> 1. This implies the following log-log de- 


mand function for good 1:7! 


(21b) = Inx, =Inh'(p,q, y) 


=a =P In( p;/ py) 
+(yy/Py) + 6a. 


Since lim, _,..9U(p, 4, y)/4q = 0, good 1 is 
weakly complementary with q in the sense 
of Miler, and C and E can be expressed in 
terms of the area between the compensated 
demand curves g'(p,q°,u) and g'(p,q', wu). 
Furthermore, in this model the quantity A 
corresponds to the change in the Marshal- 
lian consumer’s surplus associated with 
good |. 


0 


(21c) A= ["#(p,q,y) da 
q 
P i 1 1 0 
= (2 )ite.g. =m @.a" 9] 
(Ce) 
= [ ['(o.a'.y)—4'(p,4°, y) dp. 
Py 
Hence, the formulas for C and E become 
(21d 2 Io | u (=) 
bent a B-1)\ py 
x[i(w.a',y) (0.48.9) 
|e gual y p 
(2le) seat ead le 
Dy BN PN 
[nMoa'y)=A(oa,y)] 


2111 follows that, in this model, the income elasticity 
of demand for good | is equal to yy, the price flexibil- 
ity of income. 
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Tapir 2—SIMULATIONS OF WTP AND WTA For A Loc-LoG Utitity Mover 


é a 6 Y BUR C/y E/y E/C 
14 — 13.58 0.2 0.14 0.0695 0.0486 0.259 5.334 
1.01 1.42 0.3 0.0101 0.959 0.6704 3.414 5.092 
0.677 PIs! os 0.00677 ‘1.427 0.9987 5.004 5.011 
01.677 2.28 0.13 0.00677 0.039 0.0385 0.0396 ~—‘1.027 


These are tabulated in Table 2 for several 
values of a, y, and 6 for the case in which 
Py =1, py =l15, B=1.125, y = 100, gq =k 
and q'= 3.” The simulations confirm that 
é=yy and A are the key determinants of 
the ratio E/C. When either é or A is large, 
then E > C; when € and A are both small, 
then =A: 

This example is a striking illustration of 
the power of Proposition 3. From mere in- 
spection of the ordinary demand function 
for x, in (21b) it is hardly obvious that the 
term €= yy should be a key determinant of 
the relationship between WIP and WTA 
for a change in q.%* The example also raises 
another issue: the possibility that the quan- 
tity A, which forms the basis for Proposition 
3, may be related to the conventional Mar- 
shallian consumer's surplus associated with 
a private market commodity, x,. Under what 
circumstances does this carry over to other 
utility models? Could it, in fact, apply to the 


2The parameter values in these simulations are 
chosen to satisfy the inequalities (B — lpy < 
yp, h\(p,4d, ¥) < Bpy, Which ensure that the direct util- 
ity function implied by (21) is quasi-concave in x and q. 
If u(x, q) were not quasi-concave in q, the formulas in 
(21d) and (2le), would still be valid, but the Randall- 
Stoll bounds in Proposition 3 would not apply. That 
happens with another special case of (20) in which 
y(p)=y/py but Wp, q) = Spye™ Pr 7Pw) +4 72 
This generates an ordinary demand function for good 1 
that is identical to (2b), except that In(p,; /py) is 
replaced by (p, /py). Also, (21c)-(Qle) hold for this 
model, except that B—1 is replaced by B. However, 
the implicit utility function u(x,qg) can be shown to be 
quasi-convex i q. 

Also, it is hardly obvious that from the demand 
function in (21b) one can recover ay, the elasticity of 
substitution between q and the x's (all the x’s, not just 
X,). This is obtained by substituting y(p)=y/pa, and 
Wp, q) = Se" * 4p! Py B /(B —1) into (20c). The corre- 
sponding formula for 7 can be obtained from 7 = oy 
= TY) / Py: 


first example based on a generalization of 
the CES utility model? 

By way of answer to the first question, the 
following lemma establishes that weak com- 
plementarity is but one of two conditions 
that must be satisfied if A is to be equated 
with a change in the Marshallian consumer’s 
surplus: 


LEMMA 1: Suppose there is a private mar- 
ket good, say x,, with the properties that (a) 
it is nonessential and weakly complementary 
with q, and (b) 


am(p,q,y) — dh'(p,q,y) 
Op, oq 


Then, 


(22) A=[ h(p,a',y)—A'(p.4°, y) dy. 


Py 


PROOF: 

Weak complementarity implies bint 
m (p,q, u) = 0. Nonessentialness implies 
lim, .27(p,q,u) <%. Hence, by (13), con- 
dition (a) implies lim,,, +» 7(P, q, y) = 0. Ac- 
cordingly, one can express 7(-) as 


7(p,q,y) 


2d (p,q, y) 
i} dp, 


P| ap, 


jp ss 
Ss ee at 
P oq 


where the second equality follows from con- 
dition (b). Invoking the definition of A in 


(14) and changing the order of integration 
yields (22). 
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Application of Lemma 1 yields the answer 
to the second question: ¥ 
PROPOSITION 4: Partition the price vec- 
tor as p=(p,,Pq)). Equation (22) holds if 
and only if v(p,q, y) can be expressed in the 
form 


(23) v(p,4,y)=T[G(p,4), Pay] 
where lim, ,..G,(p, q) = lim, .<G,(p, q)=0. 


PROOF: 

Observe that the conditions on the 
derivatives of G(-) ensure that x, is 
nonessential and weakly complementary 
with q. The main task is to show that the 
functional structure in (23) is necessary and 
sufficient to satisfy condition (b) of Lemma 
1. First use (10) and (12a), and then twice 
differentiate the implicit function v(p,q, y) 
—u=Q0 to obtain 


d7(p,q,Y) 
Op, 


—m,,[p,9,0(p,4,¥)] 
A ma [P,4,0(D, 4; y)] Wy P,4; y) 
= 2 
= Sree = OV, ) if ae 


Comparing this with dA'(p,q, y)/dq = 
(Up, Vqgy— VyVgp,)? / v3, it can be seen that 
condition (b) will be satisfied if and only if 
Yom, pay: However, this is equivalent 
to requiring that (v,/v,,) be independent 
of y, which in turn is equivalent to (23). 


The log-log utility model in (21a) clearly 
satisfies the conditions of Proposition 4. The 
generalized CES utility model in (18) could 
also meet the conditions of the proposition, 
provided that p, appears only in the first 
argument of 7(-). 

Equation (23) expresses a restriction on 
the marginal rate of substitution between q 
and the price of a weakly complementary 
private-market good, p, (.c¢., that it be in- 
dependent of income). This condition was 
first introduced by Willig (1978) in his paper 
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on hedonic price adjustments for valuing 
marginal changes in q: his theorem | char- 
acterized the circumstances under which the 
marginal value of g equals the derivative 
with respect to g of the Marshallian con- 
sumer’s surplus for x,, averaged over the 
number of units of the good consumed. 
Proposition 4 expresses a similar result us- 
ing a different and more compact proof. 
Combining Propositions 3 and 4 provides a 
way to value nonmarginal changes in g by 
employing the change in Marshallian con- 
sumer’s surplus to compute A and then 
using A to bound WTP or WTA. These two 
propositions, in effect, establish a new link 
between Willig’s two seminal papers.74 


IV. Conclusion 


A recent assessment of the state of the 
art of public-good valuation concludes “Re- 


ceived theory establishes that... WTP 
... Should approximately equal... 
WTA.... In contrast with theoretical ax- 


ioms which predict small differences be- 
tween WTP and WTA, results from contin- 
gent valuation method applications wherein 
such measures are derived almost always 
demonstrate large differences between aver- 
age WTP and WTA. To date, researchers 
have been unable to explain in any defini- 
tive way the persistently observed differ- 
ences between WIP and WTA measures” 
(Cummings et al., 1986 p. 41.)?° This paper 


24] am very grateful to a referee for pointing out the 
connection with Willig’s theorem 1. In my notation, 
Willig’s theorem states that (23) is equivalent to the 
equality v,(p, 4, Y)/ Up (p,q, Y) = 7p, 4, y)/h(p,q, y). 

25Some of the debates on divergences between WTP 
and WTA have focused on the concept of loss-aver- 
sion, introduced in the economics literature by Daniel 
Kahneman and Amos Tversky (1979). This is a ditter- 
ent phenomenon from that involved in the Randall- 
Stoll bounds: it concerns the disparity between the 
WIP to obtain a change from g® to q® + A Cor some 
A>0) and the WIP to avoid a change from q" to 
q! — A, which is not the same as the disparity between 
WTP and WIA for the same change trom q° to 
qg'=q" + A. However, the loss/gain disparity can be 
analyzed using the tools developed in this paper, Ina 
separate paper, | have identified the conditions under 
which it will exceed the disparity between WTP and 
WTA studied here. 
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offers an explanation by showing that the 
theoretical presumption of approximate 
equality between WTP and WTA is miscon- 
ceived. This is because, for public goods, 
the relation between the two welfare mea- 
sures depends on a substitution effect as 
well as an income effect. Given that the 
substitution clasticity appears in the denom- 
inator of (17) and that the Engel aggrega- 
tion condition places some limit on the 
plausible magnitude of the income elasticity 
in the numerator, this suggests that the sub- 
stitution effects could exert a far greater 
leverage on the relation between WTP and 
WTA than the income effects. Thus, large 
empirical divergences between WTP and 
WTA may be indicative not of some failure 
in the survey methodology but of a general 
perception on the part of the individuals 
surveyed that the private-market goods 
available in their choice set are, collectively, 
a rather imperfect substitute for the public 
good under consideration. 
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Social Cost of Environmental Quality | 
Regulations: A General Equilibrium Analysis 


Michael Hazilla 


American University 


Raymond J. Kopp 


Resources for the Future 


The use of cost-benefit analysis by federal regulatory agencies has 
expanded greatly in scope and sophistication. Unfortunately, agen- 
cies continue to employ private cost rather than social cost to evalu- 
ate environmental quality regulations. Furthermore, general equilib- 
rium impacts and intertemporal effects of regulations are typically 
not included in the evaluation. In this paper we estimate the social 
cost of environmental quality regulations mandated by the Clean Air 
and Clean Water acts. We construct an econometric general equilib- 
rium model of the United States to demonstrate that social cost 
estimates diverge sharply from private cost estimates. We also dem- 
onstrate that general equilibrium impacts are significant and perva- 
sive and that intertemporal effects of the regulations, heretofore 
ignored, are significant. 


I. Introduction 


By presidential executive order, federal agencies are required to ana- 
lyze new regulations, or changes in existing regulations, using benefit- 


This research was supported in part by the U.S. Environmental Protection Agency, 
Office of Air Quality Planning and Standards, under contract no. 68-02-35-82. Al- 
though the research described in this article has been funded in part by the U.S. 
Environmental Protection Agency and the Senate Research Committee of the Ameri- 
can University, no official endorsement should be inferred. We acknowledge helpful 
comments provided by Maureen Cropper, Robert Haveman, Dale Jorgenson, Al 
McGartland, John Mullahy, Wallace Oates, Sam Peltzman, Paul Portney, and V. Kerry 
Smith. 


{ Journal of Political Economy, 1990, vol. 98, no. 4} 
© 1990 by ‘The University of Chicago, All rights reserved. 0022-3808/90/9804-0006$01.50 


853 


The Economics of the Environment 


854 JOURNAL OF POLITICAL ECONOMY 


cost analysis.' Even though it improves on the economic analysis of 
public policies, the-executive order includes neither explicit guide- 
lines for conducting analyses nor precise definitions of benefits and 
costs. In the absence of formal guidelines, one might conclude that 
the executive order mandates an interpretation of benefits and costs 
consistent with applied welfare economics. More specifically, one 
might infer that benefits and costs are measured on the basis of the 
compensation principle.* Unfortunately, a theoretically precise social 
cost measure 1s not used in practice, and current procedures, based 
on private costs, are subject to errors of unknown magnitude and 
without basis in modern applied welfare economics.® The objective of 
this paper is to improve on these procedures by using compensating 
variation welfare measures to evaluate the social cost of environmen- 
tal quality regulations promulgated under the Clean Air and Clean 
Water acts. 

While federal agencies conducting benefit-cost analyses have, for 
the most part, employed benefit measures consistent with economic 
theory, they have inappropriately used private expenditures as a mea- 
sure of social cost. From a social welfare perspective, the correct theo- 
retical cost measure is the monetized change in social welfare due to 
reallocation of resources from production of goods and services to 
pollution abatement activities. If one assumes that social welfare can 
be measured using a function additive in individual utilities, then 
social cost is equal to the sum of individual compensating variations. 
Moreover, under the additivity assumption, a theoretically consistent 
social cost estimate can be constructed from observable market infor- 
mation. 

It is well known that the cost of regulations, as calculated by agen- 
cies such as the U.S. Environmental Protection Agency (EPA), is not 
based on the theoretical concept of social cost. Rather, agencies 
equate social cost with annualized engineering costs of installed capi- 
tal and related operating and maintenance expenses. Setting aside 


' For instance, Executive Order 12291, issued by President Ronald Reagan, states 
that “in promulgating new regulations, reviewing existing regulations, and developing 
legislative proposals concerning regulation, ali agencies, to the extent permitted by law 
shall adhere to the following requirements: . . . b) Regulatory action shall not be 
undertaken unless the potential benefits to society for the regulation outweigh the 
potential costs to society” (Fed. Register 46 [February 19, 1981): 13193-98). He 

2 More precisely, benefits are measured using the maximum amount of money indi- 
viduals would be willing to pay to live in a world with the policy in force rather than not. 
Conversely, one could assess the cost of the policy as the minimum amount of money 
necessary to compensate individuals to endure the policy's adverse effects. 

3 Benefits and costs are measured using a money metric of the gains or losses in utility 
associated with changes in the individual’s economic circumstances. It 1s important to 
recognize that there is some controversy regarding use of money metric utility (see, 
e.g., Blackorby and Donaldson 1986). 
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these theoretical issues, one still finds problems with the use of en- 
gineering costs. For example, engineering costs generally do not ac- 
count for partial equilibrium adjustments, let alone general equilib- 
rium effects. Furthermore, engineering notions of cost are static and 
do not consider intertemporal regulatory impacts on household and 
firm decision making. : 

Some regulatory agencies acknowledge that their cost estimate 1s 
inconsistent with benefit measures and that it does not account for 
dynamic and general equilibrium impacts of regulation. Agencies and 
many economists believe, however, that engineering cost estimates 
are suitable proxies for social cost and maintain that dynamic, general 
equilibrium impacts are insignificant. If this conjecture 1s valid, then 
static engineering cost estimates are appropriate for social cost mea- 
surement. If, on the other hand, one can demonstrate empirically 
that engineering estimates are poor proxies for social cost and that 
dynamic, general equilibrium effects are important, then one can 
argue that social cost estimates must be based on the precepts of 
welfare economics and encompass general equilibrium and intertem- 
poral effects. 

This paper contrasts static engineering cost estimates, based on 
private expenditures, with social cost estimates derived from modern 
applied welfare economics. To estimate the dynamic social cost of 
environmental quality regulations, we construct an econometric gen- 
eral equilibrium model of the U.S. economy. The model encompasses 
both static and intertemporal behavioral adjustments. Most impor- 
tant, the general equilibrium model includes an explicit characteriza- 
tion of household utility that is used to assess welfare changes. 

The model maintains certain assumptions that the reader should 
keep in mind when interpreting the results.4 Like the majority of 
computable general equilibrium models, the model employed main- 
tains the assumption of perfect competition in all markets. Production 
is modeled using a single form of malleable capital, and all inputs are 
assumed mobile. The capital stock is fixed in any given period and 
augmented at the end of the period by current-period net investment. 
The household is modeled using myopic expectations and assigned 
an initial wealth endowment. Transactions costs are assumed to be 
zero. Prices within the model are measured relative to a wage numer- 
aire. Labor supply is endogenous while population growth is specified 
exogenously. Finally, as the major intertemporal link, household 
labor supply determines household income and savings. Household 
savings determine investment and the capital stock available in the 


One may, of course, find a model with different assumptions, but those in our 
model are standard. 
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next period. Through this intertemporal link, perturbations in the 
current-period labor market are transmitted to the capital market in 
the next period. 

An outline of the paper follows. A broad review of the legislative 
basis for the environmental quality regulations is developed in Section 
Il. The EPA estimates of the private cost of compliance with the 
Clean Air and Clean Water acts are also presented. Section III out- 
lines the general equilibrium model.° Section LV describes modeling 
technology-based regulations, and Section V presents the social cost 
estimates of regulatory compliance. Concluding remarks are pre- 
sented in Section VI. 


II. Private Costs of Regulation 


The majority of environmental regulations, promulgated during the 
1970s and early 1980s, have been associated with the Clean Air and 
Clean Water acts. The 1970 Clean Air Act requires the EPA to estab- 
lish national ambient air quality standards (NAAQS) for six pollut- 
ants.© In response to the legislation, the EPA established two regula- 
tory programs. The first focuses on mobile emission sources, while 
the second concentrates on stationary sources. Each state is required 
to develop an environmental strategy that ensures that ambient air 
quality meets the NAAQS standards. This state-level strategy 1s 
termed the state implementation plan. 

The EPA’s responsibility to regulate waterborne pollutants ema- 
nates from the Federal Water Pollution Control Act of 1972 and 
amendments to the Clean Water Act of 1977. The legislation requires 
the EPA to establish regulations limiting industrial pollutant dis- 
charge. Like the Clean Air Act, the water legislation specifies the 
engineering character of the control technologies. The law initially 
requires application of “best practicable control technology” currently 
available but also mandates future implementation of the “best avail- 
able technology” economically achievable. Similarly, new sources of 
emissions are regulated under “new source performance standards.” 

Finally, in addition to the regulatory powers they confer, the Clean 
Air and Clean Water acts require the EPA to provide Congress with 
detailed compliance cost estimates. The most recent report, com- 
pleted in 1983 and encompassing the regulatory framework existing 


5 Unfortunately, space limitations do not permit a full and detailed discussion of the 
model employed in this analysis. A longer version of the present paper and a detailed 
technical appendix are available on request from the authors, — ' 

§ The six criteria pollutants are particulate matter, sulfur oxides, nitrogen oxides, 


carbon monoxide, ozone, and lead. ; 
7 See Portney (1989) for a complete discussion of air and water quality regulations. 
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in December 1982, forms the basis for our social cost analysis (see U.S. 
Environmental Protection Agency 1984). 

The EPA cost estimates are composed of annualized capital costs of 
equipment and installation, and direct operating and maintenance 
expenditures associated with this equipment. These costs pertain only 
to regulatory actions resulting from the Clean Air and Clean Water 
acts and exclude voluntary expenditure, or expenditures required by 
state or local government and other federal laws. Annual 1981 com- 
pliance costs reported by the EPA to Congress are displayed by major 
industries in column | of table 1, Total annual cost over the period 
1981-90 is reported in column 2 of table 1. The EPA report states 
that the average annual cost of the regulations in 1981 dollars be- 
tween 1970 and 1978 was $19 billion, was $40 billion between 1979 
and 1981, and will be $58 billion between 1981 and 1990. 

In fairness, we note that the EPA does not claim that the estimates 
reported in table 1 represent social costs, but rather that the estimates 
are initial private costs of complying with the acts. However, these 
private cost estimates do not account for general equilibrium cost 
effects that can be transmitted from a regulated industry to those not 
directly affected by regulation. The neglect of such secondary effects 
can understate the private costs. 


III. The General Equilibrium Model 
Overview 


Measuring the social cost of significant and complex regulatory pro- 
grams, such as the Clean Air and Clean Water acts, requires a model- 
ing structure with particular features. The most important feature is 
the ability to measure social cost using household willingness to pay 
rather than measures based on compliance expenditure. This re- 
quirement can be satisfied by constructing appropriate demand and 
supply curves for goods whose prices may be affected and measuring 
the net change in consumer and producer surplus. Alternatively, one 
can characterize household preferences with an indirect utility or 
expenditure function and proceed to monetize the changes in utility 
due to price and income changes brought about by the regulatory 
program. If one expects the regulatory program to change several 
prices and incomes, then measuring the social cost using Compensat- 
ing or equivalent variation measures (derived from expenditure func- 
tions) is preferable to using net changes in consumer and producer 
surplus. The modeling framework adopted follows the work of 
Jorgenson and Slesnick (1985a) and models household preference 
using a hierarchy of indirect utility functions. Measures of compen- 
sating variation may be readily obtained from these functions. 
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TABLE 1 
ESTIMATED ANNUAL CAPITAL AND OPERATING EXPENSES ASSOCIATED WITH CLEAN AIR 
AND CLEAN WATER Acts REGULATIONS (Millions of 1981 Dollars) 


——oooooaeeel—————————O 
Cumulative Annual 


Annual Cost, 1981 Cost, 1981—90 

Sector (i) (2) 
Energy: 

Coal mining 103 1,189 

Oil and gas extraction 576 6,318 

Petroleum refining 1,153 12,346 

Electric utilities 7,760 99,132 

Coal gasification 302 
Food processing: 

Feedlots and meat processing 182 2,725 

Other food processing 1,389 14,324 
Chemicals: 

Basic inorganic chemicals 403 4,008 

Organic chemicals 1,019 15,837 

Agricultural chemicals 246 3,358 

Formulated chemicals 286 2,944 
Construction materials 397 4,742 
Metals: 

Ore mining and dressing 166 1,657 

Iron and steel 1,596 PAA PDS) 

Aluminum 199 2,348 

Copper 416 3,644 

Nonferrous metals 243 2,876 
Soft goods: 

Pulp and paper 73 11,987 

Textiles 72) 355 

Leather and rubber 66 1,022 
Manufacturing: 

Electroplating 0 910 

Surface coatings 122 2,375 

Furniture manufacture 7 70 

Lead acid batteries 6 64 
Services: 

Dry cleaning 0 467 

Hospitals 102 1,668 

Photographic processing 2 21 

Municipal waste incineration 26 250 
Other industrial costs: 

Boilers 2,547 26,599 

Incinerators 157 2,488 
Government expenditures 16,125 197,013 
Mobile sources 6,047 80,554 
Total expenditures 42,541 525,816 


Source.—U.S. Environmental Protection Agency (1984). 
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Assessing the reasonableness of static partial equilibrium assump- 
tions underlying the use of expenditures as social cost measures also 
requires a modeling framework that allows for dynamic general equi- 
librium responses to regulatory programs. The model we develop 
departs from the static partial equilibrium analyses by drawing on 
recent developments in econometric general equilibrium models. The 
model incorporates intertemporal household behavior and is suitable 
for assessing long-run impacts of regulatory programs on neoclassical 
economic growth. 

The final important modeling feature concerns production. Impos- 
ing command and control technological requirements on industries 
subject to environmental regulation requires a detailed econometric 
production model. In our model, pollution control regulations can be 
imposed directly on the technologies. The model we develop contains 
36 production sectors. Pollution control impacts are modeled through 
modification of the derived input demand equations in each sector.” 


General Framework 


To our knowledge, a model possessing the full set of attributes dis- 
cussed above, which might be used to examine the usefulness of com- 
pliance expenditures as proxies for social cost, does not exist. Many 
computable general equilibrium models exist—some relying on cali- 
bration techniques and others based on a full set of econometrically 
estimated parameters—but in some aspect we have found them defi- 
cient.? The most popular and sophisticated calibration model is de- 
scribed in Ballard et al. (1985). Calibration models employ input- 
output matrices to describe derived input demand and constrain, a 
priori, substitution possibilities. The premier econometric general 
equilibrium model developed by Hudson and Jorgenson (1974), and 
extended by Hudson (1981) and Goettle and Hudson (1984), allows 


® Experience with the 36-sector model suggests that a more aggregate sectoral model 
may have produced similar results. The nine-sector model in Hudson and Jorgenson 
(1974) comes to mind; however, we have not undertaken a model aggregation to 
confirm this conjecture. Most of the initial compliance expenditures are borne by the 
motor vehicle and energy sectors, a small set of industrial boilers, the iron and steel 
industry, and organic chemicals. Neglecting the other sectors may have little effect on 
the results. It is important, however, to recognize that large disaggregate models may 
now be routinely constructed, and thus there is little reason (other than computer time) 
to employ more aggregate versions. 

° Many parameters in models of the Shoven and Whalley (1972) type are determined 
by a method known as “calibration.” Such a method employs a single observational 
vector of endogenous variables to solve for the parameters of the model’s behavioral 
equations consistent with observed values. The econometric approach to general equi- 
librium model building is discussed in Jorgenson (1984) 
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for substitution possibilities, intertemporal household behavior, and 
neoclassical growth, but it models production at a high level of ag- 
gregation.!° 

We have selected an econometric general equilibrium approach 
over one based on calibration methods because substitution and inter- 
temporal dynamics are fundamental components in the evaluation of 
environmental quality regulations. Nevertheless, while we have uti- 
lized the Hudson-Jorgenson framework, we have also econometri- 
cally estimated disaggregate production sectors in a manner inter- 
nally consistent with the remainder of the model.'! The result is a new 
model, directly descendant from Hudson and Jorgenson, in which 
production is characterized econometrically, using “Diewert” flexible 
functional forms.'* The sectoral econometric models correspond to 
two-digit industry groups in the Standard Industrial Classification. 


The Structure of Production 


Production in the model is disaggregated into 36 producing sectors. 
With the exception of government services, each sector is algebrai- 
cally formulated as a hierarchical system of translog cost functions 
exhibiting constant returns to scale. This system gives rise to competi- 
tive derived demand equations for capital and labor, four forms of 
energy, and 30 intermediate inputs. 

The translog system is estimated subject to symmetry, linear homo- 
geneity, monotonicity, and concavity constraints. The symmetry and 
linear homogeneity parametric restrictions are well known, but 1m- 
posing monotonicity and concavity constraints is a recent develop- 
ment (see Hazilla and Kopp 1986c). The econometric model is esti- 
mated using data from 1958-74 predating the Clean Air and Clean 
Water acts.'* While it is possible to estimate the model using post-1974 
data, the objective is to characterize the base case economy using the 
preregulation technologies. 


'!0 The Hudson-Jorgenson (1974) model divides the production side of the economy 
into nine sectors, but manufacturing activity is represented as one sector. 

'! The Hudson-Jorgenson model is probably the most well known of the numerical 
general equilibrium models and is described in various publications. Hudson and 
Jorgenson (1974, 1976) provide the most complete discussions readily available to the 
interested reader. Complete discussions of the model’s inner workings are found in 
Berndt et al. (1981) and Hudson (1981). Other published sources include Hudson and 
Jorgenson (1978a, 19786). ' 

12 A function f(x) is Diewert flexible if at a point x* it has enough free parameters so 
that f(x*), Vf(x*) (the N-dimensional gradient vector of f evaluated at x*), and V"f(x*) 
(the N x N Hessian matrix of second-order partial derivatives of f) can attain arbitrary 
values. See Diewert and Wales (1986). 

13 The data are extensively discussed in Hazilla and Kopp (198668). 
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The Structure of Consumption 


The consumption side of the model is drawn from Berndt et al. 
(1981). The model relies on the notion of a representative HORNE, 
and implies that households share common preferences. These 
common preferences, described by a set of hierarchical indirect trans- 
log utility functions, serve to model both intertemporal and intratem- 
poral household decisions. 

The initial intertemporal decision faced by households concerns 
the choice between present and future consumption. That is, a house- 
hold must allocate a lifetime wealth endowment between present and 
future consumption of goods and leisure. Following this choice, the 
household focuses on two sequential intratemporal decisions. The 
first is to select the proportions of current-period consumption to take 
in the form of goods and leisure. This choice determines household 
labor supply and leisure. The second sequential decision is household 
allocation of current-period goods consumption among the following 
commodity groups: energy, durable goods, imported goods, agricul- 
ture and construction, manufacturing, commercial and transporta- 
tion, and other services.!® 


Social Welfare Measures 


Social costs of environmental regulations may be measured at any 
level in the household preference hierarchy from the uppermost in- 
tertemporal wealth-consumption decision to the intratemporal deci- 
sions regarding commodity consumption. Because household behav- 
ioral response is limited, the lower in the hierarchy one performs the 
measurement, the larger will be the estimates of social cost. Since the 


'! The assumption of a representative household may be relaxed by relying on the 
exact aggregation theorems due to Lau (1977a, 19776); see also Jorgenson and Slesnick 
(19856) and Hazilla and Kopp (1986a). This amendment to the model adds to the 
computational burden and for that reason is not utilized in the current study. Hazilla 
and Kopp (1986a), examining a specific environmental regulation but over a shorter 
time period, utilized the detailed consumer model provided by Jorgenson, Lau, and 
Stoker (1982) in place of the representative household model. While the latter model 
permits one to distribute the costs of regulation over demographic groups, it does not 
produce aggregate social welfare losses significantly different from the representative 
household model. 

'8 The hierarchical indirect uulity functions were estimated by Berndt et al. (1981) 
subject to adding-up, monotonicity, symmetry, and convexity restrictions using tech- 
niques attributed to Lau (1974). Although not of direct interest to our discussion, we 
should point out that the model incorporates a government and foreign-trade sector. 
The government sector collects taxes on capital and labor income, purchases goods and 
services (government expenditures), and provides transfer payments to consumers and 
subsidies to producers. A foreign-trade sector, which serves as an alternative to domes- 
tic supply, closes the model. 
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purpose of this study is to draw sharp contrast between private expen- 
ditures and social costs, we measure the welfare cost of environmental 
regulations using the indirect utility function describing preferences 
for goods and leisure.'® 

Social welfare is measured using the expenditure function and the 
Hicksian notion of compensating variation (Hicks 1946). The expen- 
diture function is derived from an econometrically estimated indirect 
utility function. If we let e(v, p) denote the expenditure function, 
compensating variation is defined as 


CV = e(v®, p®) — e(v®, p'), (1) 


where CV represents the difference between the minimum expendi- 
ture necessary to achieve a utility level v°, given commodity prices p', 
and the expenditure necessary to maintain v® at reference prices p°. 
With this definition, a positive value for the compensating variation 
Jada a welfare gain whereas a negative value implies a welfare 
loss. 


IV. Technology-based Regulations 


The Clean Air and Clean Water acts’ compliance expenditures may 
be divided into three categories. The first and largest is private firm 
expenditures on air and water pollutant abatement equipment. The 
second category also includes pollution abatement expenditures but 
pertains to those made by federal, state, and local governments. The 
last group involves direct consumer expenditures such as increased 
cost of unleaded gasoline purchases and vehicle inspection fees. 
The major portion of compliance cost is borne by stationary sources 
of air and water pollution, which, in our model, are represented by 


16 The goods-leisure indirect utility function lies just below the uppermost portion of 
the hierarchy describing the decision to consume out of total lifetime endowment. 
Berndt et al. (1981) estimate the preferences for endowment consumption such that 
the present period’s consumption of endowments depends on time and the price of 
consumption, while the share out of total endowments depends only on time. Given this 
simplified view of the intertemporal consumption decision, we have chosen to measure 
welfare using the more econometrically interesting goods-leisure function. We do rec- 
ognize that this choice somewhat overstates the welfare loss. ha 

17 When one is considering the welfare costs of significant government policies such 
as the Clean Air and Clean Water acts, however, income effects can be significant. 
Accordingly, to account for an income effect, CV may be calculated using 


CV* = e(v", p’) — ev", p') ae y! = ae 
= y! mn! e(v", p'), 


where y° is the reference period income and y' is the postregulation income. The 
measure of social cost employed in this paper is based on CV*. 
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the production sectors. In contrast to other forms of regulation, envi- 
ronmental regulations often require producers to employ resources 
that include the services of specialized capital, operating and mainte- 
nance labor, and the purchase of related intermediate inputs. Since 
input choice is endogenous in a general equilibrium model, repre- 
senting technology-based regulations is markedly different from the 
characterization of policies that affect a general equilibrium solely 
through exogenous economic variables. 

Technology-based regulations, the focus of our study, are modeled 
by specifying four aggregate input qualities—capital (K), labor (L), 
energy (£), and intermediate materials (M)—needed to comply with 
the regulations. Under a technology-based regulation, the structure 
of each production sector is modified to account for increased input 
usage. To illustrate the technique, consider a production sector whose 
technology is characterized by constant returns to scale and nonneu- 
tral technological change. The technology is represented by the trans- 
log cost function 


Inc = a + >, a; In p;+ % > >” ya; In pj ln pj + Ing 
i pany 
. (2) 
+ of + Voy? + > yitinp;, 77 = K,L,E,M, 


where In denotes the natural logarithm of cost (c), input prices (p;), 
and output (q); ¢ represents technological change; and @ and y are 
parameter vectors. In the absence of the environmental regulation, 
the optimal (sectoral) input demand equations are 


0 
poet Se (a: € a Vip ip; oF ut), (3) 
7 


Opi pi 
where ¢ = exp(In c). If A; represents the increased quantity of the ith 


input required by the regulation, the demand equations would be 
modified as 


Ry. Fk tds; (4) 


where x; is the postregulation quantity of the ith input demanded. 
Using (4), one can integrate back to the cost function 


c= epg) + >. pidg (5) 


where A; now represents input requirements per unit of output. 
A second and somewhat more complicated approach, but one that 
reduces computational burden, is to embed pollution control expen- 
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ditures directly into the technology. To illustrate this approach, con- 
sider the input demand equations 
C 
xf = — (a, +>) Yij In pj + Yui) (6) 
j 


t 


and cost function 
c= exp( ao + yp a; In p, + ”% Ss 3 Yq Wl py lll Ppt Ole Yor t® 
i Tay 
Hee Pigtail a) for i,j = K, L, E, M, 


where the technology variable (t) is replaced with ¢, and ¢; (i = K, L, E, 
and M). Without the regulations, ¢ = ¢, = ¢; for all 7. Under the 
regulations, ¢, and ¢; may be used to solve the system 


0c 
Opi, : 


x* ae Aiq = 


(7) 
c+ > pidiq = exp c(p, q, t), 


where p = [px, pr, Pe, Pm] denotes the input price vector and the 
technology vector is [t,, tx, tr, te tw]. 

The second approach is employed in this study since it yields trac- 
table demand equations. One should note that even though the tech- 
nology terms are altered in this approach, biases and rate of techno- 
logical progress are unchanged. Most important, however, imposing 
regulation does not affect theoretical properties of the cost funciions. 

There are two additional features of modeling technology-based 
regulation that are important for interpreting the social cost esti- 
mates. First, within a general equilibrium framework, the social cost 
of increased government expenditures to finance, for example, ex- 
penditures on municipal sewage treatment plants, can be significant. 
An exogenously imposed fixed deficit rule is used to account for 
increased taxes necessary to finance the expenditures. Arguably, it 
may be more realistic to finance these expenditures with an increased 
deficit, but, for expediency, we have forgone this added complexity. 

Second, we have modeled the impact of regulations on consumer 
expenditures by taking into account that the majority of consumer 
expenditures associated with the acts result from regulations affecting 
mobile sources (private vehicles). These expenditures take the form 
of increased vehicle operating and maintenance expenses. Although 
one could incorporate operating and maintenance expenses within 
the appropriate consumer commodity group in the model, the source 
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TABLE 2 


Annuac SociaL Cost AND EPA CompLiaNce Cost EsTiMATEs OF THE CLEAN AIR 
AND CLEAN Water Acts (Billions of Current Dollars) 


EPA 
Year Social Cost Compliance Cost 
1975 6.8 14.1 
1981 28.3 42.5 
1985 70.6 56.0 
1990 203.0 78.6 
1981-90 977.0 648.0 


of expenditure information does not distinguish these expenses from 
the costs of control technologies (see U.S. Environmental Protection 
Agency 1984). Accordingly, incremental vehicle expenditures, re- 
quired by control technologies, have been aggregated into the vehicle 
purchase price. 


V. Estimates of Social Cost 


Estimates of the social cost of environmental regulations are based on 
general equilibrium price and income vectors derived from two simu- 
lations. The first, termed the base case simulation, pertains to the 
period 1970-90. The base case simulation uses both historical values 
(1970-85) and Data Resources Incorporated forecasts (1986—90) for 
the exogenous variables. The second simulation, termed the regula- 
tory scenario, uses the same exogenous variables but introduces regu- 
lation on the production technologies using the second method de- 
scribed in Section IV. 

The estimates of social cost based on measures of compensating 
variation are displayed in table 2. The general equilibrium model 
estimate of the social cost of federal air and water pollution control 
regulations in 1981 was approximately $28 billion. This may be di- 
rectly compared to the EPA’s $42.5 billion engineering cost estimate. 
These results imply that a 1981] benefit-cost analysis of the regulations 
based on the EPA estimates would understate the net benefits of the 
Clean Air and Clean Water acts by $14.5 billion. 

The advantage of a general equilibrium analysis is its ability to 
capture the complexity of economic adjustments that are intractable 
within an analytical framework. Unfortunately, this feature adds to 
the difficulty of interpreting the results since one cannot explicitly 
formulate the adjustment path. In the current context, the diver- 
gence between cost estimates is due in large part to a demand-driven 
decrease in control costs and the substitution effect. 
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The significance of the demand effect is best demonstrated by con- 
sidering the electric generating sector. This sector incurs the largest 
private-sector control costs, the largest increase in customer prices, 
and the largest decline in demand (produced output declines by 13 
percent). In equilibrium, the 13 percent decline in demand implies a 
decreased need for generating capacity and a complementary decline 
in regulatory compliance expenditures. Though not as pronounced, 
the same demand phenomenon is observed in the petroleum refining, 
food processing, chemicals, iron and steel, and pulp and paper sec- 
tors. Since the EPA methodology does not take into account the effect 
of changes in demand on compliance expenditures, it overstates these 
expenditures. 

The significant decline in electricity demand is also indicative of 
both producer and consumer substitution. The ability of the economy 
to substitute “clean” goods (lower polluting) for “dirty” goods (higher 
polluting) gives rise to a significant difference between private expen- 
ditures and social costs. This substitution may be readily seen by ex- 
amining the labor-leisure portion of the consumer model in which 
welfare costs are estimated. 

The 1981 equilibria show that while household expenditure on 
goods and services is $43.6 billion less under the regulation scenario, 
household leisure consumption also increases by $14.6 billion (mea- 
sured in postregulation prices). Admittedly, this is only an approxt- 
mate measure of compensating variation, but the difference between 
the decline in consumption and increased leisure ($28 billion) pro- 
vides a reasonable estimate and serves to highlight the labor-leisure 
consumer response. 

While the 1981 social cost estimate is significantly lower than the 
EPA estimate, one cannot conclude that social costs are always less than 
comparable estimates based on private expenditures. Economists 
have long recognized that governmental regulations have significant 
dynamic impacts.'® For example, the EPA estimates that federal air 
and water pollution control costs are $525.8 billion (1981 dollars) 
between 1981 and 1990. If we uniformly distribute these expendi- 
tures over the 10-year interval and then convert to nominal dollars 
(using the personal consumption expenditure price index in the 
model), the total nominal pollution control cost is approximately $648 
billion. By contrast, the general equilibrium social cost estimate is 
$977 billion. Very few policymakers have recognized that social costs 


18 Tn addition to the effect on investment, capital accumulation, and labor supply, 
regulation may also induce subtle changes that affect sectoral productivity and techno- 
logical change. Productivity effects due to input prices are captured by the nonneutral 
treatment of technological change in the translog cost function. 
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TABLE 3 


PERCENTAGE CHANGE IN SELECTED MACRO VARIABLES BETWEEN BASE AND SCENARIO 


Macro Variable 1981 1990 
Real consumption — 2.68 —6.53 
Real growth private domestic investment Eh Ns = {eh 
Real gross national product SB: els 
Real private domestic capital stock —2.02 = 5:96 
Real household labor supply — .84 —1.18 
Current value of gross national product — .25 —.14 
Price index for consumer goods 2.05 6.29 
Government revenue from taxes on capital 5.02 12.50 
Government revenue from taxes on labor 5.57 12.80 


can exceed private expenditures, but it is a direct result of household 
behavior in which leisure is substituted for consumption. 

It is useful to examine some indicators of macroeconomic activity in 
the base case and regulatory scenarios before discussing the intuition 
behind leisure-consumption substitution. For comparative purposes, 
we recount the EPA cost estimate and the macroeconomic discussion. 
The U.S. EPA 1984 executive summary states that “the 1981] an- 
nualized cost of pollution control due to federal regulations was esti- 
mated to be $42.3 billion or about one percent of GNP in 1981. The 
cumulative cost from 1970 to 1978 was $171 billion and the projected 
cost over the period 1981 to 1990 is estimated at $525.8 billion” (p. 3). 
The report concludes that consumer prices in 1981 were 3.3 percent 
higher than they would have been without federal pollution control 
regulations and that GNP was marginally lower (less than | percent). 

Table 3 displays percentage changes in selected macro variables 
between the base case and regulatory scenario for 1981 and 1990. On 
the basis of the general equilibrium model regulation scenario simula- 
tions, consumer prices are found to be only 2 percent higher in 1981 
but 6 percent higher in 1990. While the effect on current-dollar GNP 
is negligible, real GNP is about 2 percent lower in 1981 and 6 percent 
lower in 1990. ‘The magnitude of the price increase in 1981 is approx- 
imately the same in both simulations. In contrast, significantly larger 
price increases in 1990 under the regulatory scenario suggest that the 
dynamic consequences of regulation, not addressed in the EPA re- 
port, are important. 

Consider changes in levels of investment, capital stock, and labor 
supply brought about by the regulations, reported in table 3. The 
factor underlying the decrease is the household labor supply decision. 
In this case, since the relative price of consumption to leisure has 
increased, labor supply declines under the postregulation scenario. 
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Reduced labor supply also induces a decline in income and saving. 
The decline in saving causes investment to fall and, with it, capital 
stock growth. While supplied labor hours and capital availability in- 
crease over time under the regulatory scenario, both increase at a 
diminished rate. Consequently, household real income declines and 
aggregate economic growth is retarded.'® 

As noted above, in our model, the macroeconomic impacts of envi- 
ronmental regulations are the result of microeconomic decisions, 
largely dominated by household behavior. An equally important set 
of decisions are, however, also made by production sectors in the 
economy. The impact of producer decisions is displayed in table 4. 
We summarize the effect of producer decisions by reporting the per- 
centage change in output price and quantity and employment be- 
tween the base case and the regulatory scenario. The production 
sectors most severely affected by the regulations are electric utilities, 
motor vehicles, crude petroleum and natural gas, primary metals, and 
chemicals and allied products. In these sectors, environmental regula- 
tion induced output price increases that exceed 10 percent (44 per- 
cent in electric utilities) and an output decline that ranges between 8 
and 28 percent in 1990. All industries experienced declines in labor 
productivity, and some sectors experienced declines in employment. 
These impacts can also be substantial; for example, employment falls 
7.6 percent in the motor vehicle sector. 

Sectoral regulatory impacts reported in table 4 highlight a point 
often made by economists but largely ignored by regulators: regula- 
tions affecting production sectors that supply important intermediate 
products can have significant secondary impacts. Table 4 reveals that 
while pollution control investments were required in only 13 sectors, 
the cost of production increased, and output and labor productivity 
fell, in all production sectors. A good example of the magnitude of 
the secondary effects is found in the finance, insurance, and real 
estate sector of the economy. The finance sector was not required to 
invest in pollution abatement equipment and obviously did not incur 
higher operating costs as a direct consequence of the Clean Air and 
Clean Water acts. Thus, under the EPA cost methodology, the sector 
would bear no regulatory cost. But on the basis of the general equilib- 
rium analysis, the cost of production in the finance sector is 2 percent 
higher in 1981 as a result of indirect impacts of the regulation—more 


'9 Unfortunately, there is no macro policy fix to this problem. The economy is al- 
ready fully employed in the postregulation world, and the prices are “correct” in the 
sense that there exist no noncompetitive distortions. The problem arises from the fact 
that real wages have fallen and households have adjusted accordingly. 
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specifically, higher factor prices. Higher production costs represent 
another private cost to the sector and are another source of error in 
the EPA cost estimate. 


VI. Conclusions 


Applied welfare economics can play a central role in policy evalua- 
tion. Empirical work in applied policy analysis must be guided by 
theoretically precise measures of social cost and dynamic general 
equilibrium considerations. The issuance of several presidential ex- 
ecutive orders over the past decade appears to give applied welfare 
economics a formal position in the analysis of government regulatory 
policy. Unfortunately, the lack of specificity in the orders, regarding 
the definition of costs, has allowed federal agencies to continue equat- 
ing the cost of regulation with private expenditures in an assessment 
of regulatory impacts. Many economists believe that private expendi- 
tures are suitable proxies for the social cost. Our findings demon- 
strate that private expenditures are poor measures of social cost. 

In addition to highlighting the divergence between private com- 
pliance expenditures and social costs, the analysis serves to reinforce a 
frequent conjecture about the effects of regulation on the economy. 
Specifically, regulations affect intertemporal microeconomic deci- 
sions and cause social cost to increase over time. Failure to quantify 
and account for these intertemporal phenomena in a benefit-cost 
analysis will likely lead to errors of unknown magnitude. On the basis 
of our findings of significant intertemporal impacts, currently prac- 
ticed methods are unacceptable. 

It is difficult to overemphasize the importance of approaching pol- 
icy analysis from a general equilibrium perspective. This emphasis is 
reinforced by our finding that while only a subset of the industries are 
directly affected under the regulation scenarios, all production sec- 
tors in the model ultimately bear the burden of regulations. This 
finding suggests that even expenditure-based estimates of costs would 
be inaccurately estimated. 

Although perhaps obvious, one final point deserves mention. Our 
attention has focused on costs associated with environmental quality 
regulations. Any normative judgment about the desirability of the 
regulations depends on comparing appropriately measured costs with 
corresponding benefits. While benefits have generally been measured 
using an appropriate willingness-to-pay criterion, an intertemporal 
general equilibrium approach to benefit estimation might show simi- 
lar divergences from reported results based on static partial equilib- 
rium analysis. 
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The goal of this paper is to determine the likely effect on a firm’s control actions of 
alternative implementation and enforcement policies available to the control agency. Three 
alternatives are studied, legal enforcement through the new source performance standards 
set forth by EPA, and two effluent fee enforcement alternatives. First, a generalized model 
of the effects of implementation and enforcement policies on the firm’s control actions is 
developed. This model assumes that the firm is an expected cost minimizer. The model is 
then applied to the case of particulate matter discharges from coal-fired power plants in 
order to estimate empirically the effect of policy alternatives on the firm’s control efforts. 
Finally, the results of the model and its empirical application are used to develop policy 
functions which relate control to the values of various policy parameters. These results 
lead us to several policy recommendations. 


INTRODUCTION 


The use of the environment by a firm can impose uncompensated costs on other 
firms or on individuals, There are two general methods which may be employed to 
internalize these costs to the polluting firm: namely, emission standards and emission 
charges.?.In assessing the cost of pollution control typical studies look only at the cost 
of the control device or process change without concern for the institutional con- 
straints placed on the firm by the control agency and the legislature. Yet it is clear that 
the firm incurs differential expenses in addition to (or instead of) the actual installation 
and operation costs of the control device or process change itself. These additional 
expenses can include compliance testing or other certification expenses, legal expenses, 
fines, and other enforcement costs. These expenses are a function of the implementa- 


1The authors are respectively Associate Professor of Economics, Virginia Polytechnic Institute 
and State University and Research Associate, Resources for the Future. This research was completed 
while the authors were on the staff of the Washington Environmental Research Center, U.S, Environ- 
mental Protection Agency. However, the views expressed here are those of the authors and do not 
necessarily reflect those of EPA. The authors would like to express their appreciation to their col- 
leagues at EPA, Resources for the Future, and the Brookings Institution for helpful comments at 
various stages of this research, 

* Other possible control instruments such as subsidies and marketable permits have been neglected 


in this study. 
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tion and enforcement rules employed by the control agency. Hence they are likely 
to vary with the method of internalization (policy instrument) chosen. 


Optimal Emission Standards 


Before we proceed with the development of our model, a general framework is pro- 
vided by investigating how the cost to the firm of complying with control requirements 
and the cost to society of insuring that the firm complies affect the optimal level of 
pollution control.? It is likely that both these costs will differ between the two imple- 
mentation and enforcement alternatives. Let us first investigate legal enforcement 
(LE) and then turn our attention to effluent fee (EF) enforcement. In Fig. 1 we plot 
increasing percent removal of a pollutant (R) on the horizontal axis and dollar costs 
on the vertical axis. The marginal cost of a control device (MCD, 2) increases as 
removal increases. This is the cost function measured in the usual control cost study. 
However, the cost of the device is not the full cost born by the firm. Depending upon 
the form of legal enforcement the firm may have to conduct compliance tests, incur 
monitoring costs, keep records and meet other requirements imposed by the control 
agency. Interpreting these curves as planning horizon cost curves it is clear that at 
least some of these compliance costs vary with R. Thus, the marginal cost of control 
for legal enforcement (MCC, 8) which the firm actually faces includes both MCDy 5 
and these other costs and lies above MCD». 

The marginal social cost of control using legal enforcement (MCS; 8) includes the 
cost to the firm (MCC; ) and the cost to the control agency of carrying out enforce- 
ment activities in an attempt to insure that its rules and regulations are carried out 
(MMC, x). The control agency must inspect the site to determine that the firm has 
the required controls installed and operating and that it does not cheat by turning the 
devices off when the control agency personnel are not around. It is reasonable to 
assume that at least some of these costs vary with the level of removal. This is because 
it is likely that the payoff to cheating will increase as the required level of control 
increases. Control agency enforcement efforts should increase in an attempt to counter- 
act this incentive. 

Assuming the usual declining marginal benefit function (MB), the optimal level of 
control for this set of control instruments would be where MSC,n = MB or Spr in 
Fig. 1. Note that when it is recognized that social control costs are greater than the 
cost of the device itself, the optimal level of control of pollution is less than the level 
usually determined in empirical studies (Ri). The neglect of these costs would lead 
to the setting of a standard which is inefficiently stringent. 


* Anderson and Crocker (1971) suggest that these issues are of vital importance in control instru- 
ment decisions but do not cite any literature which explores their effects on control. 
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The same conceptual set of control cost functions hold for the effluent fee enforce- 
ment case. However, each of these functions may differ from their legal enforcement 
equivalents in their actual location on the graph. There are compliance costs for the 
effluent fee enforcement system as well. The firm must record emissions, pay the fee, 
deal with periodic checks by control agency personnel, etc. It is reasonable to assume 
that these compliance costs would increase with the level of removal. Likewise, the 
marginal management costs to the control agency are likely to increase with the level 
of removal. This is because higher removal and consequently greater effluent fees 
makes cheating more profitable to the firm. This in turn necessitates greater checking 
by the control agency. 

If society’s goal is to control pollution at least cost (and if it wished to neglect 
distributional issues), it should pick that institutional form which is least costly. 
Economists have often argued that the best institutional form for pollution control is 
the effluent fee. For this to be true it is necessary that the net sociai benefit of control 
for the effluent fee enforcement system be greater than the net social benefit of con- 
trol for the legal enforcement system where each is at its optimal level (i.e., 
MSC = MB). 

In order to determine if the economists’ argument is correct it is necessary to know 
both MCC and MMC under legal enforcement and effluent fee enforcement. While 
logical arguments can be made to support the economist’s argument, the other side 
also has merit. The determination will probably rest on empirical evidence yet to our 
knowledge no such estimates exist. This paper attempts to fill part of this gap by 
determining the firm’s cost functions under alternative enforcement policies. The 
determination of the control agency’s cost functions are left for future research. 


AN ENFORCEMENT MODEL OF THE FIRM’S CONTROL BEHAVIOR 


In this section we derive a model of the firm’s reactions to enforcement strategies. 
We then explore various cases to determine the likely reaction of the firm to alternative 
values of the policy variables under differing technological and time frame assumptions. 
In the following section this model is applied to the case of new source performance 
standards for fly ash discharge from coal-fired power plants. 

Becker (1968) developed a model of the economics of crime and punishment which 
consists of a damages function, an enforcement cost function, a supply of offenses 
function, and a punishment function. Becker’s supply of offenses function can be 
interpreted in terms of air pollution control. The polluter’s supply of offenses (the 
number of times he exceeds the standard) are assumed to be a function of the proba- 
bility of his being convicted, the fine he pays per conviction, and what Becker calls 
“a portmanteau variable” representing the sum of all other influences It is this supply 
of offenses (emissions) function that we explore for the air pollution case in this paper. 
Specifically stated, our goal is to intestigate the reactions of an individual firm to 
alternative standards, conviction probabilities, and fines (the policy variables) under 
different implementation schemes. 


Cost of Pollution Control to the Firm 


It is assumed for the purposes of this paper that the firm seeks to minimize the ex- 
pected cost of control of pollutants [E(CC) ].* These expected costs are the sum of 


4While our model does not specifically consider the tradeoffs involved in the interrelationships 
between control costs and total product output of the firm, the conclusions reached here do hold in the 
general case. For a model which relates pollution control costs to the optimal output of the firm see 
Fan and Froehlich (1972). 
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the expected cost of control devices [E(CD) ] and the expected cost of compliance and 
enforcement actions imposed on the firm for compliance or noncompliance with 
required controls or standards [E(EC) ]. The firm’s objective function? is then 


min E(CC) = E(CD) -+ E(EC), (1) 


given a fixed set of control regulations (the policy variables). Both CD and EC are 
stochastic in this formulation. Device costs include both capital and installation costs 
(KC) and operation and maintenance costs (OM). For many devices OM will have 
some distribution about an expected value because the device might partially or fully 
fail during the period (as when a catalytic reactor gets poisoned). Enforcement costs 
are stochastic because the control efficiency of the device is stochastic causing the in- 
cidence of violation to be uncertain. A complete analysis of E(CD) is not necessary 
for our purposes. It is assumed here (and has been shown for the electrostatic precipi- 
tator case we explore empirically) that: 


dE(CD)/aR > 0 
and 
0°E(CD)/aR?2 > 0 


The arguments in the E(EC) function are somewhat different depending upon the 
implementation and enforcement method used. For the legal enforcement method now 
employed for new sources by EPA the expected enforcement and compliance costs are 
a function of the expected number of days the firm is detected to be in noncompliance 
during the year [E(N)] times the expected penalty imposed on the firm for each 
violation [E(P) ]. 

E(EC) = f[E(N)-E(P)]. (2) 


E(N) is a function of the expected control efficiency of the device installed by the firm 
LE(R)] given the various rules and regulations imposed upon the firm by the control 
agency and/or the legislature. 


E(N) = g[E(R)|L,S, C], (3) 


where 


I = the frequency, accuracy, and form of thé inspection and monitoring actions 
of the control agency, 

S = the emission standard set by the control agency, 

C = the requirements set by the control agency for certification of the effective- 
ness of the firm’s control device (usually through some sort of compliance 
testing procedure). 


That is, for any given set of control agency policies, the higher E(R) the lower E(N). 
If the control agency were to increase its enforcement efforts by increasing the fre- 
quency of inspections, improving the accuracy of monitoring, or making compliance 
tests more strict, any given E(R) would imply a larger E(N). Likewise, a more stringent 
emission standard would increase E(N). 


5 This objective function can easily be translated into Becker’s supply of offenses function. However, 
it is stated in stochastic form rather than deterministic form since many of the terms are stochastic in 
nature. The first derivative of this function represents the value to the firm of a violation and hence 
under perfectly competitive conditions the opportunity cost to society of pollution control. 
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The expected penalty is a function of the probability of being convicted of being in 
violation (PC), the money fine imposed on the firm by the courts if convicted of being 
a polluter (F), the damages to the firm’s image if convicted (D1) and the possible 
shutdown time (ST) for required repairs or construction if found in violation by 
either the control agency or the courts. 


E(P) = h(PC, F, DI, ST). (4) 


PC is a function of the legal costs incurred by the firm to defend itself against the 
control agency (LC). The effectiveness of a dollar spent on defense demands upon the 
control agency’s prosecution efforts (CAP). 


PC = k(LC|CAP). (5) 
The firm will minimize its cost where 
dE(CC)/dR = dE(CD)/dR + dE(EC)/aR = 0. (6) 


Since enforcement costs decline as removal increases, this condition can be satisfied. 
For a set of policy parameter values Eq. 6 defines the values of MCC; and MCD, 
as equal to the values of dE(CC)/dR and dE(CD)/aR, respectively. 

In the case of pure effluent fee enforcement the E(EC) function is less complex. 
Expected enforcement costs are simply a function of R and the level of the effluent 
fee (EF) per unit of emissions given some monitoring and inspection system and 
possibly some certification of the control device as well. 


E(EC) = m(R, EF|I, C), (7) 
where under usual circumstances 


GE(EC)/AR < 0, 
and 
0?E(EC)/dEF? > 0. 


Alternative Enforcement Strategies 


Having discussed the factors which affect the firm’s expected cost of environmental 
control, we turn our attention to the effects of alternative enforcement strageties on 
their expected cost and the firm’s reaction in terms of pollution control. 

Let us assume that the control agency has an air quality goal which it is attempting 
to reach using the legal enforcement method. It has several policy tools available by 
which it can effect the control efforts of the firm. It can set higher or lower emission 
standards, change penalties for noncompliance, make court actions more prompt, and 
impose external pressures on the firm through public statements. 

Standard. The firm will react to higher standards by installing more effective devices, 
but only if the expected penalties and court costs are higher than the cost of control. 
It will delay as long as the court cost of delaying actions is less than the interest on the 
cost of control devices and savings in Operation and maintenance expenses. For a 
given envorcement effort against the firm, a higher standard will cause the firm to 
attempt more delaying actions. 

Monitoring. The lack of any monitoring of the control actions of the firm will make 
any standard set by the control agency ineffective. The frequency and type of moni- 
toring will also affect the firm’s compliance.° 


‘For an investigation of monitoring alternatives applied to automotive emissions see Downing 
(1974). 
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There are two stages of our legal enforcement model. One for the situation before 
the firm takes any control action and another for the situation after the installation 
of control equipment. This is because control and enforcement costs differ in the two 
cases. To make this distinction clear, Eq. (1) is rewritten as follows. 


min E(CC) = [KC + E(ECs)] + [E(OM) + E(ECa)], (8) 
where 
E(ECy) = expected enforcement cost before installation of a control device, 
E(EC,) = expected enforcement cost after installation of a control device (i.e., 
during operation). 


In the before installation case all of Eq. (8) holds although it is possible that the firm 
will perceive E(EC,) as zero in which case the last two terms drop out. 

After installation of the required devices the first two terms on the right hand side of 
Eq. (8) are inoperative. The firm is faced with the choice of operating the device or not 
and its decision clearly depends upon E(EC,). This in turn depends upon I,. Assuming 
that each violation detected by an inspection is a separate offense (the usual case in 
control legislation), an increase in monitoring frequency will ceteris paribus yield more 
control. The device will be operated more effectively and more often. But the form as 
well as the frequency of inspection will affect this result. Unannounced inspections 
will be more effective in stimulating proper operation and maintenance of devices. 
Indeed it has been observed that when control authority personnel go home at night 
firms take the opportunity to plow the accumulated fly ash out of the stack. This can 
be safely done because, in effect the control agency has announced noninspection. 

Penalty. It is perhaps obvious that increasing the level of penalty imposed (rather 
than threatened) will increase compliance by the firm. The timing of the imposition 
of a penalty can also have a substantial effect on the firm’s control effort. If the ex- 
pected value of the penalty is constant, it will induce firms to employ legal delaying 
actions if the legal costs are less than the interest on the expected value of the penalty. 
If the penalty were made a fee and hence payable upon release of the pollution, its 
present value would be increased. Thus, an effluent tax is more effective than an equi- 
valent penalty per pound because it is payable on release rather than after court 
action. As a corrollary to this result, the control agency can make the effective penalty 
larger by increasing the speed of bringing accused violators into court. There is 
another reason to believe that an effluent fee will be more effective than a penalty. The 
direct payoff for cheating 10% on reporting emissions in the effluent fee case saves the 
firm 10% of the fee. In the penalty case, because of the zero/one nature of the violation 
definition, this level of cheating may save 100% of the penalty. It pays more to cheat 
in the legal enforcement system than in the effluent fee system. 

In addition to the above policy alternatives, the control agency has two more 
opiions. First, it can try to obtain more tightly written laws which would increase the 
probability of obtaining a conviction (make the penalty more certain) and/or improve 
their preparation to the same end.” Second, the control agency can increase the damage 
to the firm’s image by publicly announcing violations.® 

7 Tittle (1969) as shown that greater certainty of punishment for a crime is associated statistically 
with lower offense rates, 

6 It has another opion—to shift to an alternative enforcement scheme, This may be preferable 
since in the current legal enforcement scheme noncompliance is “. . . enforced by criminal process, 
probably the most cumbersome coercive tool we have. The violator is protected by all the constitu- 
tional protections which apply to any criminal trial. He can demand a trial by jury and unanimous 
verdict (and this against the heavy burden of proof faced by the ptosecution),”’ (Krier, 1970, pp. 5-29,) 
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Fic. 2. Precipitator operating curves, 
A SIMULATION OF ENFORCEMENT ALTERNATIVES 


We have presented a general theory of a firm’s reactions to environmental control 
implementation and enforcement alternatives. In order to demonstrate some of these 
propositions and determine their empirical significance a simulation study was con- 
ducted for enforcing the federal new source performance standards for particulate 
matter discharges from coal-fired power piants. The simulation model employed 
allows us to determine the likely control actions of the firm (and related costs) resulting 
from alternative levels of enforcement policy parameters and implementation schemes. 
In effect, via this analysis we will be examining a variety of enforcement “‘experiments.’”® 

Ideally it is desirable to find the set of enforcement policy parameters which mini- 
mize the sum of costs for both firms and enforcement agencies. This analysis, however, 
covers only costs to firms since data and information on enforcement agency costs are 
almost nonexistent. Nonetheless it will be seen that the partial results reported here 
are rich in policy implications.'° 


The Simulation Model 


We have simulated six policy scenarios: 


Inflexible Flexible 
technology technology 
Compliance test with fine for violating an opacity standard Sl So 
Compliance test with tax on emitted fly ash S3 S4 
Emission tax only S5 S6 


Our model describes the firm’s least-cost effort to control fly ash discharges given 
each of the three enforcement policy sets listed above and two variants of electro- 
static precipitator technology: inflexible and flexible. 

Figure 2 demonstrates the difference between flexible and inflexible precipitator 
technology. Expected collection efficiency is measured on the vertical axis; operating 
hours are measured on the horizontal axis. A typical base loaded power plant will 
operate about 7440 hours per year, the remaining hours in that year will be outage 
hours when normal maintenance is performed on generating equipment and pollution 
control devices. The two curves labelled “inflexible” and “flexible” show that precipi- 


9 A detailed explanation of the simulation model can be found in Downing and Watson (1973). 

10 [t is assumed throughout that managers of coal-fired power plants attempt to minimize expected 
costs over their planning horizons and that available cost effective fly ash control technology is 
electrostatic precipitation (see Watson (1974)). 
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tator efficiency declines over operating hours. This occurs because precipitator 
discharge electrodes fail, lowering the filtering capacity of the precipitator (Greco 
and Wynot (1971)). The dashed-line sections of the operating curves represent precipi- 
tator maintenance time during scheduled outages of the power plant. On restart, 
precipitators again perform at top efliciency. By comparing the two performance 
curves it is seen that a flexible precipitator’s efficiency declines less rapidly during an 
operating cycle. This results from having power shunting electonic instrumentation 
which optimizes precipitator filtering capacity as discharge electrodes fail. In com- 
parison with a larger inflexible precipitator, a smaller sized flexible precipitator can 
produce the same average collection efficiency over an operating cycle. 


The Legal Enforcement Model 


Equation 8 is used as the starting point for our simulations of the firm’s reaction 
to alternative values of the control agency’s policy parameters. The firm is assumed 
to be minimizing its expected costs of control subject to the constraints placed on it 
by control agency policy. A wide range of policy options are explored. For each set 
of policy parameters the legal enforcement simulation model considers a number of 
precipitators of different sizes and consequently different expected collection efficien- 
cies. For each precipitator the model computes the probability of passing a start-up 
compliance test at some specified compliance test standard. It also computes the ex- 
pected number of days per year when each precipitator would violate a specified 
opacity standard. Using these two pieces of information it then computes and sums 
costs in order to determine total expected costs. 

The model begins by computing and summing precipitator installation costs and 
compliance test costs. Using the probability of passing the compliance test as a weight- 
ing factor it then adds in operating, maintenance and stack monitoring costs plus fines 
for violating the opacity standard, all of these costs, of course, having been computed 
for a precipitator of the originally specified size. A given precipitator, however, may 
fail the compliance test. If it fails the model assumes that the precipitator is enlarged 
to a size which has virtually no probability of failing a subsequent compliance test. 
In such cases, a power plant would then incur the installation and penalty costs! for 
an enlarged precipitator and its operating, maintenance and stack monitoring costs 
plus fines for violating a specified opacity standard during operation of the enlarged 
precipitator. The model sums these costs and uses the probability of failing the compli- 
ance test (1-probability of passing) as a weighting factor. The sum of the expected costs 
yields total expected out-of-pocket costs for a precipitator of some specified size, for 
a specified compliance test standard and opacity standard, and for a single compliance 
test.!? The model then allows successive runs of the compliance test. This changes the 
probability of passing and failing the compliance test and changes the weighting 
factors in computing total expected costs. At this stage, the model finds the number of 
compliance tests at which total expected out-of-pocket costs are a minimum. It then 
goes on to successively larger sized precipitators, computing costs in exactly the same 


1! Penalty costs in this case are the increased costs of producing the power from alternative sources 
and the interest on investment in the plant during the six months that would be required to complete 
the expansion. 

" Two very computationally complicated variants of this model were investigated. One was least 
cost selection of load shedding or fines when the opacity standard was violated. Another was least 
cost selection of serial enlargement or a single state enlargement. In a sensitivity analysis, both vari- 
ants in combination produced results approximately equal to those of the simpler basic model, 
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fashion for the given set of compliance test and opacity standards. It also holds con- 
stant throughout, the flue gas flow rate, the number of averaged stack samples taken 
during a compliance test and the expected fine for violating the Opacity standard. 
As a final step it finds the precipitator size or efficiency which minimizes total expected 
out-of-pocket costs to the firm for the given set of enforcement policy parameters. 
The set of exogenous enforcement policy parameters is then changed and the model 
rerun, 

The only difference between policy scenarios SI and S2 (similarly S3 and S4) is 
the selection of precipitator technology. In going from SI to S2 (and $3 to $4) every- 
thing else is held constant in running the model including the exogenous enforcement 
policy parameters. 

Federally promulgated regulations require that the average of at least three separate 
stack samples must provide a reading which satisfies the compliance test standard 
before a power plant is allowed to begin full time operation. The model simulates this 
by repeated sampling from the appropriate density functions, averaging of the sample 
efficiencies, and computation of pass and fail probabilities. As the number of averaged 
stack samples is increased, cost minimizing power plants will tend to pick more 
efficient precipitators, 

The probability density functions associated with the compliance tests are also 
affected by boiler load conditions during compliance tests. When boilers are loaded 
at peaking levels, the flue gas flow rate through a precipitator can be about 15% above 
the normal level. Clearly the probability of failing is less under normal load conditions. 
On the other hand, compliance tests under high load conditions make the compliance 
test more effective in enforcing a given fly ash emission standard. The model allows 
for flue gas flow rate variations in simulating compliance tests and hence in computing 
probabilities of pass and fail. 


The Emission Tax Model 


For a precipitator of given size and for a given emission tax per ton of fly ash dis- 
charged, the emission tax cost model computes total emission taxes. To these it adds 
installation costs, operating, maintenance and stack monitoring costs to obtain total 
expected out-ot-pocket costs. Precipitator size is then incremented and total costs 
recomputed. Computation is truncated when the model finds the precipitator size or 
efficiency which minimizes the sum of precipitator costs and total taxes for the given 
emission tax. The emission tax, which is a constant value per ton, is then incremented 
and the model rerun. Unit emission taxes which vary over time with meterorological 
conditions for example, and unit taxes which increase as total emission increase, are 
not specifically considered. However, such emission taxes would not change our basic 
results. 


Simulation Results 


The objective of the simulation model is to provide cost and performance functions 
for each of the policy scenarios. The following functions are of interest: expected out- 
of-pocket costs to the firm as a function of enforcement policy parameters; expected 
precipitator efficiency as a function of enforcement policy parameters; and expected 
out-of-pocket costs to the firm as a function of removal efficiency. 

The following ranges of enforcement policy parameters are covered in the simulated 
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scenarios: 
Before installation parameters Range 

Compliance test standard (Srrn) 0.04-0.14 Ib/million 
Compliance test conditions (C) (Btu discharge rate) 

No. of averaged stack samples (N) 3-50 stack samples 

No. of successive compliance tests (M) 3-15 tests 

Flue gas flow rate (FR) 1 V-1.15 V (V is the normal load flue 


gas flow rate) 
After installation parameters 


Opacity standard (Srra) 5-40% 
Fine/day of violation (Fa) $500-$50,000/day 
Probability of conviction (PC,) 0-1 
Emission tax parameter 
Tax/ton of fly ash (T) $5-$180/ton 


Scenarios SI through S4 use of combination of structured and randomly chosen 
enforcement policy parameters. Our objective was to uniformly cover a relatively wide 
range of enforcement policy combinations. In all, 50 different policy combinations were 
selected for these simulations. These policy combinations allow for variations in the 
above policy parameters only. Several options available to the firm and/or the control 
agency were not included because of inability to observe and quantify relevant parame- 
ter values. Thus, we assume that the firm will attempt to comply with the control 
agency’s requirements rather than carry on a prolonged legal battle although the latter 
is possible or perhaps likely. Delay of the payment of a penalty through legal action is 
also assumed to be zero as is damage to the corporate image (DI). While we do allow 
for variations in the probability of conviction, we do not explicitly investigate the trade- 
offs implicit in Eq. 5. These regretable but necessary omissions in the assessment of 
the firm’s reaction to policy alternatives result in a bias toward overly optimistic esti- 
mates of control. Firms may, and often have in the past, take the legal delay alternative 
we exclude from our analysis. In the case of the emission-tax-only scenarios, the model 
was run for only a maximum of 10 different tax rates since each emission tax produces 
a unique least-cost response. For each set of enforcement policy parameters the model 
computes expected precipitator efficiency, expected least-costs of fly ash control and 
expected fines or emission taxes paid. Furthermore, in order to provide for differ- 
ential response due mainly to economies of scale, the model considers four different 
plant sizes, 1300 MW, 800 MW, 200 MW, and 25 MW. That is, for each power plant 
size per scenario, the simulation experiments provide 50 observations (scenarios 
SI through S4) or a maximum of 10 observations (scenarios S5 and S6) on firm least- 
cost behavior as a function of enforcement policy parameters. 

Since the model is too complex to solve analytically regression analysis has been 
used to summarize these “experimental” data. In effect, this ‘‘solves”’ the model. The 
following functions have been fitted. 


Scenarios SI through S4: 
C = A(Sran)"(N)e™?-*(FR)"(Sia)**(FT)**; (9) 
E = 100 — 100-EXP[—B(Srmn)'(N)Pe"?->(FR)P4(Spna (FT )*]. (10) 


Scenarices S5 and S6: 
C= A(T)**; (11) 
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TABLE I 


—~CuRRENT ENFORCEMENT PRACTICE 


Plant Expected Expected Expected 
Size average efficiency cost time in 
(MW) (%, inflexible (1000's of 1967 violation? 

technology) dollars, discounted) (%) 

25 99.1% $ 720 0% 
200 98.0 1,900 61 
800 CHET 5,200 70 
1300 97.7 7,800 70 


a During base load year at normal flue gas flow rates. Time in violation would be higher and average 
efficiency lower to the extent that plants are operated above normal loads, for example, under peak 
load demand conditions. 


E = 100 — 100-EXP[—B(T)*]. (12) 

All scenarios: 
C = D(In(100/(100 — E)))44(N)*2; (13) 
C — FT = G(In(100/(100 — E)))#(N)é2. (14) 


C is total expected discounted cost. It includes out-of-pocket firm pollution control 
costs, associated firm management costs, and total fines or emission taxes. E is average 
expected precipitator collection efficiency (%) during base-load years. FT is total 
expected discounted fine or emission tax. MD is a dummy variable which is | when the 
maximum number of allowable successive compliance tests is 3, and 0 when greater 
than 3. 

Individual enforcement policy coefficients within the indicated functional forms are 
not constrained in the simulation model. They may or may not be significant depending 
upon least cost tradeoffs. Therefore in “solving”’ the model the regressions can help to 
determine which enforcement policy coefficients are significant and therefore exert an 
influence on the firm’s control efforts. The results of the regressions were consistent 
with prior expectations.!* The regression coefficients for the compliance test standard 
(Step) and the opacity standard (Spa) were negative and the remaining coeflicients 
were positive. 

The role of effective fine in scenarios SI and S2 needs further elaboration. The fine 
appears to be an insignificant determinant of behavior in scenarios S! and 82. This is 
misleading. In the model itself, costs (excluding effective fines) are nearly constant over 
a wide range of precipitator sizes. Consequently, the impact of any positive effective 
fine is to usually induce a cost minimizing firm to pick a fine-avoiding precipitator. 
Furthermore, increasing the dollar fine per conviction usually makes the cost curve 
more steep around the least cost precipitator size, but does not shift the least cost point. 
Hence, the impact of effective fine on firm behavior is a zero-one effect. If the effective 
fine is any positive value (fine positive, probability of conviction positive) then the 
promulgated opacity standard is operative (i.e., the opacity standard impacts firm 
behavior in relationship to its specified value). A positive effective fine, of course, also 
promotes maintenance of pollution control devices since even very lax opacity stand- 
ards would be violated if firms did not maintain their control devices. 

One final result of our simulation analysis is of interest. Our best assessment of EPA’s 


13 For greater detail on the regression models and results see Downing and Watson (1973). 
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current choice of policy parameters for the enforcement of the new source performance 
standards for coal-fired power plants is" 


Compliance test standard 0.1 Ib/million Blu 
No. of successive compliance tests 15 or less 

No. of averaged stack samples 3 

Flue gas flow rate Heal eA 

Opacity standard 30% 

Fine/day of violation $500-$50,000/day 


Using these valucs in the model, we find that most plants will control to less than the 
standard and almost never be cited for a violation. In fact, plants larger than 100 MW 
will be in violation from 50 to 70% of the time depending upon plant size (see Table 
1). The reason why plants are not cited for a violation is that the enforced opacity 
standard allows about three times the emission of the compliance test standard. We 
also find that small plants control to a higher percent removal than large plants even 
though it is relatively more expensive for them to do so. This is because large plants 
enjoy economies of scale which allow them (relative to small plants) to make more 
favorable cost-reducing tradeoffs against enforcement policy parameters. Furthermore, 
all firms choose inflexible technology since its out-of-pocket cost to the firm is less 
than flexible technology. This is an inefficient choice for society, however, since the 
real resource cost of the same level of average control using flexible technology is less 
(see below). In fact, savings in the resource costs of control are probably an under- 
estimate of the societal savings since flexible technology has a higher last day efficiency 
than inflexible technology. Thus, if marginal damages decline with control as is usually 
the case, then the increased damages due to a lower first day efficiency for the flexible 


' The final new source performance standard rules and regulations particulate matter discharges 
from fossil-fueled steam generators were issued by the U.S. Environmental Protection Agency on 
December 23, 1971 (Fed. Reg, December 23, 1971, pp. 24876-24895). Particulate matter discharges 
(which are mainly fly ash and unburned carbon patticles) are not to exceed 0.1 Ib/million Btu heat 
input maximum 2-hr average. This standard is applicable to any power plant unit of more than 250 
million Btu/hr input or approximately 25 MW in capacity whose construction is commenced after 
August 17, 1971. Eventually, with the retirement of prestandard plants, every plant will be subject 
to the standard, 

Under these regulations, firms are required to pass compliance tests on fly ash control devices before 
new plants go into operation. A plant is certified for operation when, on the basis of prescribed 
stack testing procedures, discharges during the test period are no greater than the standard. During 
operation, opacity of stack discharges is to be continuously monitored by the firm at its expense and 
reported to EPA. If the firm violates the opacity standard (20% opacity) it can be charged in a civil 
action under the provisions of the Clean Air Act and if convicted, fined as much as $50,000/day of 
violation. 

These regulations have several peculiar features. For one thing, the start-up compliance test can 
be run an unlimited number of times. Secondly, the conditions under which compliance tests are to 
be conducted are not clearly defined. Beyond some general stipulations, the rules and regulations do 
not specify test conditions, Presumably EPA technical personnel will be on hand to check test con- 
ditions, The tests, themselves, will be conducted by utility company personnel. A strong fraternity of 
enginecring interests is likely to pervade compliance testing activities with liberal interpretations of 
test conditions “being understood” by the participants. A third feature is that the average of as few 
as three compliance test stack samples is the measurement for comparison with the promulgated 
standard. As demonstrated, the number of successive compliance tests, the stringency of test con- 
ditions, and the number of averaged compliance test stack samples markedly influence firm behavior. 

A peculiar feature of the federally promulgated opacity standard the basis or detecting a violation 
during operation, is that it allows roughly twice the quantity of discharges as are allowed by the 
particulate matter discharge standard, This too influences firm pollution control effort, 
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device are more than off-set by the higher damage savings due to its greater last day 
efliciency. = 


POLICY ANALYSIS 
Cost Comparisons 


We can now use our simulation results, summarized by our regression equations, 
to investigate tradeoffs among the alternative enforcement schemes. 

Four straightforward results evolve from a comparison of out-of-pocket cost to the 
firm over the different enforcement schemes and from a comparison of resource costs 
(cost minus total! fine or total tax) over the different enforcement schemes. 

First, at high collection efficiencies the expected resource costs of flexible technology 
are generally less than those of inflexible technology at all plant sizes and for each of 
the three enforcement schemes. Figures 3a-3c show some representative curves for a 
1300 MW plant. Under enforcement schemes using compliance tests, firms will incur 
enlargement costs weighted by the probability of failing the compliance test. These 
enlargement costs tend to be quite large while their weighting factors—the probabilities 
of compliance test failure—tend to decline at high efficiencies. This produces relatively 
small expected enlargement costs at high collection efliciencies. Hence at high efficien- 
cies flexible devices have smaller expected resource costs than inflexible devices (for 
the same average efficiency) because the saving from their smaller original-size costs 
exceed the sum of their extra instrumentation costs, their higher power input costs, and 
their larger (but relatively small) enlargement costs. This is demonstrated by Fig. 3a 
and b: flexible costs are less than inflexible when collection efficiency is approximately 
95% or greater. Under emission-tax-only enforcement and at high collection efficiencies 
a flexible precipitator also has smaller expected resource costs than an inflexible preci- 
pitator (see Fig. 3c). The reason is that the smaller original-size costs for flexible 
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precipitators provide savings which exceed their extra instrumentation and power 
costs. In this case there is no question of a plant failing a compliance test and incurring 
enlargement costs. Therefore, since enlargement costs need not be overcome by 
flexible cost savings, flexible precipitators enjoy an even greater cost advantage over 
inflexible under emission-tax-only enforcement then they do under compliance test 
(with an opacity standard or emission tax) enforcement. This is demonstrated by the 
relatively larger cost advantage for flexible technology in Fig. 3c; in Fig. 3a and b 
flexible technology enjoys a relatively smaller cost advantage. 

Second, the lowest out-of-pocket cost to the firm occurs with enforcement via a 
compliance test and opacity standard (with inflexible technology), the next from the 
lowest is a compliance test with emission tax (with flexible technology), and the third 
from the lowest is the emission tax only (with flexible technology). Out-of-pocket 
costs, of course, include fines and emission taxes paid under each of the enforcement 
schemes. Figure 3d presents each of these costs for a 1300-MW plant. On the other 
hand, a comparison of resource costs (all for flexible technology) gives the exact 
opposite ordering (see Fig. 3e). Hence the enforcement schemes which use emission 
taxes and resource-saving flexible technology and which consequently are attractive 
to a cost-minimizing resource manager are unattractive to the firms being regulated 
and vice versa. An implication is that there will be some resistance by firms to a shift 
toward enforcement schemes which use emission taxes even though this is desirable 
from the viewpoint of resource cost minimization. 

In our earlier discussion of efficient enforcement a distinction was made between 
resource costs of control only (MCD) and marginal resource costs of control including 
marginal firm management costs (MCC). We now have quantitative measures of 
these costs (see Fig. 3f). On the average (at high efficiency levels) there is about 6% 
difference between MCC and MCD under compliance-test-with-emission-tax en- 
forcement and about a 6.6% difference under compliance-test-with-opacity-standard 
enforcement.!® It would appear that if a marginal benefit curve crosses these cost 
curves at high efficiency levels, using one or the other to determine efficient control 
levels results in approximately the same control level. It is well to recall however, that 
the proper inclusion of marginal enforcement agency costs could significantly impact 
determination of efficient control levels. 


Policy Frontiers 


Particular technologies were deliberately specified in the above ordering of preferred 
costs by the firm. This is necessary because the firm in reacting to enforcement policy 
parameters chooses the precipitator size and technology which minimizes its costs. 
Indeed, different mixes of enforcement policy parameters will induce it to pick 
flexible technology in some cases and inflexible technology in others. We proceed now 
to investigate the conditions governing technology selection. 

The curve labeled AA in Fig. 4 is the locus of compliance test standards and opacity 
standards for which flexible technology and inflexible technology are equal in our-of- 
pocket costs. This locus is determined by setting costs as a function of enforcement 
policy parameters from scenarios S1 and S2, equal to each other. The dashed perpen- 
diculars and the area to the northeast of these perpendiculars indicate approximate 
feasible choices for the compliance test and opacity standards. The crossed area to 


"6 Cost differences of about the same relative magnitude occur at other plant sizes. Note that we 
have assumed that record keeping and fee playing costs do not vary with the removal rate. 
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Fia. 4. Enforcement by compliance test and opacity standard, 1300-MW plant. An average of three 
stack samples (N = 3), no limits on the number of successive compliance tests (MD = 0), and an 
intermediate level for the flue gas flow rate (1.1V) are representative of current enforcement practice. 
(similar tradeotfs occur at other plant sizes.) 


the left of AA is the policy area within which flexible technology is cheaper in out-of- 
pocket costs. To the right, inflexible technology is cheaper. The curve labeled 99.54 is 
the locus of compliance test and opacity standards (given flexible technology) which 
would induce a cost minimizing firm to select a 99.54% efficient precipitator (in 
effect an isoquant). The curve labeled 99.67 is a similar locus given inflexible tech- 
nology. Note that the iso-efliciency curves are only relevant for the policy areas where 
their technologies are less costly. A 99.54% efficient flexible precipitator and a 99.67% 
efficient inflexible precipitator are devices which would meet the new source fly ash 
discharge standard even on the last day of their operating cycles at peak load flue gas 
flow rates (1.15 V).Current legal enforcement practice is somewhere in the vicinity of 
the point labeled Q.'* As indicated by the iso-eficiency curve passing through Q, a 
cost minimizing 1300-MW plant would install a precipitator having a base-load 
efficiency of about 97.7%. This is substantially below 99.67%, the base-load efficiency 
needed to meet the federally promulgated new source fly ash standard. 

Furthermore, as is clearly indicated, current legal enforcement practice induces the 
firm to pick inflexible technology even though resource costs are greater than flexible 
technology. This can be explained as follows. For a relatively tight compliance test 
standard a cost minimizing firm will pick roughly the same sizes of flexible and in- 
flexible precipitators to avoid high enlargement costs. Therefore the “first day” 
efficiencies of the two devices will be approximately the same while the installation 
costs of the equivalent size flexible precipitator will be higher because of extra flexible 
instrumentation costs. Moreover, the flexible precipitator will have a higher average 
operating efficiency and consequently higher operating costs. Thus, for a given set of 
Sl and S2 enforcement parameters (and specifically a relatively tight compliance test 
standard) a cost minimizing firm would pick an inflexible precipitator of lower average 
operating efficiency but the same first day efficiency. 

Similar analysis has been carried out for scenarios S3, S4, S5, and S6. The results 
are summarized in Fig. 5. FF is the locus of compliance standards and emission taxes 


18 The enforced opacity standard is likely to be 30% or higher, rather than the promulgated 20%. 
In the past courts have levied fines only when violations were considerably greater than the relevant 


standards and when firms were uncooperative and recalcitrant. 
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Fic. 5. Enforcement by compliance test and emission tax, 1300-MW plant. An average of three 
stack samples (N = 3), no limits on the number of successive compliance tests (MD = 0), and an 
intermediate level for the flue gas flow rate (1.1V) are representative of current enforcement practice. 
(Similar tradeoffs occur at other plant sizes.) 


for which total flexible and inflexible precipitator out-of-pocket costs for a 1300-MW 
plant are equal. This locus or policy frontier is determined by setting 1300-MW costs 
as a function of enforcement policy parameters from scenarios S3 and S4, equal to 
each other. In the crossed area to the left of FF, inflexible technology is cheaper. To 
the right, flexible is less costly. BC is the locus of compliance test standards and emis- 
sion taxes using compliance-test-with-emission-tax enforcement and emission-tax-only 
enforcement for which precipitator efficiency is equal in a comparison of these two 
alternative enforcement schemes. The curves labeled 99.54 and 99.67 are iso-efliciency 
curves for a flexible precipitator under emission tax enforcement and an inflexible 
precipitator under compliance-test-tax enforcement. The point labeled G is the com- 
pliance test standard and emission tax combination where total expected costs to the 
firm for a 99.54% efficient precipitator are equal to tax-only enforcement at H. To the 
left of G on the 99.54% iso-efMficiency curve, the test-tax policy combinations result in 
smaller costs to the firm while to the right of G they are more expensive than tax only 
enforcement (indicated by point H). At point I, a compliance standard of 0.1 (the 
current EPA standard) combined with an emission tax of $56/ton would induce a cost 
minimizing firm to pick a law-abiding 99.54% efficient precipitator. However, note 
that an emission tax alone of the same amount would produce the same level of control 
at less expected cost to the firm. Point K is the least cost point for the firm under 
compliance-test-tax enforcement. 

Figure 5 also indicates that flexible technology enjoys a relative policy advantage 
under emission tax enforcement. This occurs because increased flexibility allows the 
firm, for a given precipitator size, to reduce total emission taxes. Loosely speaking, 
flexible technology will cost less than inflexible as long as this emission tax savings 
(offset by some additional fly ash disposal costs) exceeds the additional flexible 
instrumentation costs. This may, of course, not occur if the emission tax rate is rela- 
tively small or if the compliance test standard is relatively tight. In these cases enlarge- 
ment costs dominate technology selection and inflexible technology clearly has a cost 
advantage over flexible technology. 


Enforcement Policy and Technology Development 


The model contains two “types” (really degrees) of precipitator technology, labeled, 


The Economics of the Environment 
ENFORCING AIR POLLUTION CONTROLS 235 


for convenience flexible and inflexible. These particular variants were modeled 
because they are feasible choices in today’s technology choice set. Over time though, 
one would expect that precipitators even more efliciency-flexible than these could be 
developed, This raises an important issue, namely, do different enforcement schemes 
either encourage or discourage the development and adoption of efliciency-enhancing 
technology? 

The answer is that emission tax enforcement schemes encourage such developments 
while enforcement by compliance test and opacity standard discourages them. 

The crux of the matter is that enforcement by compliance test and opacity standards 
tends, for the most part, to encourage good first day performance by firms. Hence, 
flexible technology development which improves over-the-operating-cycle efficiency 
is not cost effective for the firm under these enforcement circumstances. Moreover, 
improving flexibility generally shrinks the relevant policy area within which flexible 
technology would be adopted under such an enforcement scheme. In comparison, 
emission tax enforcement rewards over-the-operating-cycle performance. Hence, costs 
to the firm tend to fall as flexibility increases, given emission tax enforcement of en- 
vironmental standards, This is true over a wide policy range even when emission taxes 
are combined with compliance tests. Or in terms of Fig. 5, gains in precipitator flexi- 
bility would cause the technology policy frontier, FF, to shift toward the origin. 

The important conclusion is that the resource costs of pollution control as well as 
potential damages for a given average removal efliciency fall as technology is made 
more flexible and so it is important to devise enforcement schemes which encourage 
firms in this direction. We have seen that compliance-test-opacity-standard enforce- 
ment will usually fail in this regard while emission tax enforcement schemes will 
generally suceed. 


SUMMARY AND CONCLUSIONS 


The optimal level of control and emissions has been shown to depend upon the cost 
of the control devices and process changes, the management costs imposed on the firm 
by the control agency, and the management cost of the control agency itself (and, of 
course, the benefits of control). These costs differ among alternative implementation 
and enforcement schemes. In order to determine the optimal implementation and 
enforcement scheme it is necessary to determine the optimal control level, and hence 
values of policy parameters, for each alternative. The net benefit of control for each 
alternative could then be compared and the scheme with the largest net benefit chosen. 
While we cannot prove it without further research, the evidence we present indicates 
that an effluent fee enforcement scheme would be optimal in controlling fly ash 
emissions from coal-fired power plants. However, we do not expect this result to 
apply universally. Some form of legal enforcement may be preferred in many cases. 
This is especially true in cases where continuous monitoring of emissions is technically 
difficult and expensive. 

Assuming that firms are expected cost minimizers we find that different implemen- 
tation and enforcement techniques imply different reactions to control agency policy. 
Under a legal enforcement system the relevant policy parameters are inspection and 
monitoring techniques, emission standards, device certification procedures, probability 
of conviction if accused of a violation, fines and shutdown penalties, and damage to 
the corporate image. For example, in our simulation of fly ash control we find that 
stricter compliance tests and less stringent opacity standards can yield the same level 


523 


524 


The Economics of the Environment 
236 DOWNING AND WATSON 


of control. The model indicates that a higher marginal fine or penalty would yield 
greater control. In our empirical case, however, we find that any positive effective fine 
will have the same effect on the firm’s control decision. This probably is not a general 


result. 

In eMuent fee enforcement the relevant policy parameters are the marginal fee, the 
device certification process if any, and the inspection and monitoring system employed. 
As expected, higher efMluent fees yield greater control. When a certification procedure 
is added to the effluent fee we find that a tradeoff between the certification standard 
and the eflluent fce exists. This is born out in our empirical test. However, there is a 
range of effluent fees for which any feasible compliance test will have no effect on the 


firm’s control efforts. 

Under current enforcement practice, most coal-fired power plants will not meet the 
federal new source fly ash standard being in violation as much as 70% of the year. We 
suspect that this noncompliance result holds for most enforcement schemes currently 
employed by various control agencies. Our analysis indicates that owners of power 
plants, especially large ones, have a strong incentive to seek relaxations in compliance 
test conditions. We also find that smaller plants are relatively more costly to control 
and, therefcre, should be subject to relatively less tsringent penalties or standards.” 
It should be noted that our simulations assume that firms comply with the letter (if 
not the spirit) of the law rather than fight its implementation. If firms were to take 
advantage of all the legal delaying tactics available to them, emission reductions such 
as we determine in this study will be optimistic both as to amount and timing. 


'7 Becker (1968, pp. 189 and 196) derived a similar result on theoretical grounds. He argues that 
penalties (or standards) should be less for smaller violators (plants) and that high income firms should 
be prosecuted more thoroughly rather than less thoroughly as we have found in our analysis. 
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Assuming expected profit maximization, the behavior of the firm under imperfectly 
enforceable pollution standards is examined. Among other results, it is found that 
cost subsidies can reduce the size of violation and amount of wastes, and that the 
shape of the expected penalty function determines the direction of the firm response 
to tighter standards. Under imperfectly enforceable pollution taxes, it is found, among 
other results, that the firm’s actual level of wastes is independent of proportional 
changes in the expected penalty for pollution tax evasion, and that the marginal 
cost of actual waste reduction equals the unit tax on reported wastes. Some normative 
aspects of the results are discussed, 


I. INTRODUCTION 


In this paper we present simple theoretical models of firm behavior under 
imperfectly enforceable pollution standards and pollution taxes, respectively. 
Such models are motivated by the nature of the current and past pollution con- 
trol efforts in this country and encouraged intellectually by coexisting literatures 
on approaches to externalities and the economics of crime. Although the model 
presented here has some strong simplifying assumptions, it presents a point of 
view distinctly different from most treatments of externalities and allows deriva- . 
tion of some interesting results. 

The approach to pollution control adopted by the federal government has by 
and Jarge been based upon the use of standards, both ambient and emission 
(or effluent). In the case of air pollution, the Clean Air Act of 1970 gives the 
Environmental Protection Agency the power to set emission standards on a wide 
variety of sources with the goal of meeting ambient air quality standards, In the 
case of water pollution, The Federal Water Pollution Control Act Amendments 
of 1972 give broad power to the EPA to set effluent standards on practically all 
industrial and municipal sources with the goal of meeting ambient water quality 
standards, which, according to legislative intent, are to become increasingly 
stringent. 

In the case of both air and water pollution standards it has been the case that 
these standards have not always been complied with. For support of this under- 
statement with respect to water pollution controls one should consult Kneese’s 


1The author gratefully acknowledges support from the Research Foundation of the State 
of New York for the researching and writing of this paper. 
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paper in Bain [2] and Zwick’s [15] even less charitable view. In fact, major 
aspects of the recent water pollution legislation have been aimed at reducing the 
costs of enforcing pollution standards by making the EPA’s power greater and 
more sharply defined. Both pieces of legislation mentioned have clauses setting 
penalties for violations of standards. 

It may be that once full monitoring of pollution sources is effective, the 
probability of successfully violating standards without being caught and pun- 
ished will be close to zero. However, past experience does not support the view 
that perfect enforcement of pollution standards would be of trivial costs in 
comparison with the benefits. 

Because of the above considerations it is of interest to examine the behavior 
of a profit maximizing firm under imperfectly enforced pollution standards. 
However, it is also of interest to examine the behavior of the firm under im- 
perfectly enforceable pollution taxes. One reason would be the substantial litera- 
ture that has been devoted to proving that under perfect competition the tax 
per unit of pollution equal to marginal damages with no compensation of victims 
is the Pareto optimal policy (and that in general virtually all other solutions 
cannot attain Pareto optimality). Baumol and Oates [4] present a general proof 
of this proposition and discuss some of the substantial literature that led up to 
this conclusion, A second reason for studying the effect on the firm of an im- 
perfectly enforceable pollution tax is that it provides us with a comparison set 
of results for the standards case. We find, in fact, that the pollution tax case does 
have interesting properties, the main one being a type of separability between 
the amount of pollution released and the amount of unreported pollution, or tax 
evasion, that occurs. 

If there is a second major federal approach to pollution control it would be 
that of providing cost subsidies. For firms this is done mostly through the special 
form of accelcrated depreciation allowed on pollution control capital as pro- 
vided for in the Tax Reform Act of 1969. Such subsidies, by themselves, would 
seem to provide no positive incentive for pollution control. They merely reduce 
the cost of doing something which adds nothing to revenues. However, in a world 
of imperfectly enforceable controls, we can show that such subsidies reduce the 
tendency to violate standards. 

Lastly, we will point out some implications of the analysis for the characteriza- 
tion of optimal levels of pollution control. Since firms that violate standards and 
evade taxes change the trade-offs in the economy one would expect a change 
in the set of efficient resource allocations in comparison with a world of perfectly 
costless enforcement or perfectly compliant firms. 

In Section II we will examine the expected profit maximizing firm’s response 
to imperfectly enforceable pollution standards. In Section IIL we examine the 
firm’s behavior under evadeable pollution taxes. In Section IV we discuss some of 
ve normative implications of the analysis, and Section V presents some con- 
clusions. 


If. Tie FIRM RESPONSE TO STANDARDS 


Let us consider a firm which produces a good x from which it receives revenue 
R(x). The firm may be either a perfect competitor of some form of imperfect 
competitor. The costs C of producing the good x depend, not only on the quan- 
tity of x, but also on the amount of emitted wastes w. So by definition C = 
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C(x, w). This cost finction is taken to reflect all of the process changes which 
would reduce created wastes and any efforts which would “neutralize” wastes 
already created. Emitted wastes are those which are created and not neutralized, 
and all references to firm wastes (or actual wastes) will mean emitted wastes as 
here defined. 

We will indicate partial derivatives by subscripts. Thus, marginal output costs 
and marginal revenue are C, and R,, respectively. Under usual circumstances 
we would expect [Roe — Coe <0, where the subscripts indicate second partial 
derivatives, which we will assume exist for all of the relevant functions unless 
noted otherwise. In order for the firm to find it profitable to emit pollution in the 
absence of any external constraints it must be true that C,, is negative over a 
range from zero pollution up to some level tv,. “tv,” is the point where C,, = 0, 
and would be the amount of pollution released in the absence of any controls. 
We may assume that C, becomes positive after this point; that is, it would in- 
crease costs to release any more pollution. Of course, the firm would never 
operate on this portion of its cost curve. Consistent with this description, we 
will assume that C,.. > 0. If costs were separable in pollution and output we 
would have Cy. = 0, but it is more reasonable to assume that Cry = Cg < 0, 
over the relevant range of the cost function. 

Now assume that a particular pollution control board (PCB) or the EPA 
imposes a particular allowable level of released wastes, labeled 1 , which is less 
than what the firm would have otherwise chosen, The PCB wishes to see this 
standard complied with. Therefore it sets penalties in the form of fines (and 
perhaps prison terms) and expends resources on activities which create a proba- 
bility of discovering and convicting standards violators greater than zero but 
less than one. For present purposes, the discovery of a violation, any adjudica- 
tion process, and the receipt of a penalty for the violation will be treated as one 
event, For any size of violation, v = (to — tw,), the firm sees the probability of 
discovery and punishment and the Jevel of fine as parameters. 

Generally we would expect that any fine f will be a positive function of the 
size of violation. It is also plausible that the probability p of detecting a violation 
will be a positive function of the size of violation. Thus we would suppose that 
fy and »), are ordinarily greater than zero. We will be assuming risk neutrality 
for the firm, so that the expected fine, g = pf, is all that matters to the firm. To 
facilitate the analysis and reduce the number of terms let us write g = F';PG(v), 
where I, and P are shift parameters for the general size of fines under standards 
and the general level of the probability of detection and punishment of violators, 
respectively. Because of their nature, the terms I’, and P can be taken to be 
equal to one without loss of generality. Thus, G(v) = f(v)p(v), and it is as- 
sumed to be continuous and twice differentiable; and 


= fp a y's (1a) 
= pb Wl W'S, (1b) 

where the primes indicate the order of differentiation. 
It is conceivable that there could be a discontinuity at v = 0, This would 
require that there be a sudden jump from zero to some positive value in the 
probability of punishment as one gocs from no violation to one of arbitrarily 


small size and that there be some minimum level of fine. We mention this as 
a possibility since such a discontinuity would tend to produce extreme solutions. 
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As a practical matter, however, laws are seldom enforced in such a way as to 
produce a significant discontinuity of this sort. Before going on it should be 
noted that both f” and p” may be negative and still have G” positive. 

The structure of the fines is something to be determined by the PCB and 
presents an optimization problem. It may be suggested that characterizing the 
optimal structure of fines is an interesting problem and quite possibly a very 
difficult one in general. The probability of detection as a function of the size of 
violation might be either something given in the nature of the production func- 
tion of detection, or a result of conscious allocation of resources. For a situation 
involving different types of crimes, the latter interpretation is more plausible 
(and the concept of crime size less clear) while for crimes of the same type this 
writer would lean toward the former interpretation. In either case, we assume 
the firm views these functions as given, and, given risk neutrality, is concerned 
only with the product of these functions and its derivatives. 

In order to complete our picture, let us assume that the firm receives a subsidy 
at a rate b, where b is between zero and one, for the costs of eliminating wastes. 
In reality subsidies usually apply only to explicit capital expenditures on pollu- 
tion control arid seldom or never to the costs of all potential ways of reducing 
pollution, which would include process changes and non-capital inputs into 
waste neutralization. Indeed, it would be difficult to divide costs between output 
and pollution control if costs are not additively separable in the technical sense. 
We will ignore this practical difficulty and assume the total subsidy is b(C(x, w) 
— C(x, wo)) where w, is taken to be the level of wastes that the firm would 
produce in the absénce of pollution controls and cost subsidies. Since w, is a 
constant, we may define C(x, tv.) = C?(x). 

Given the previous definitions, expected profits, Hy, is of the following form: 


I, = Lv) — Cle, w) + OLC @, w) — Coz) )] — PFC). (2) 


The firm is assumed to choose output x and the level of waste w so as to 
maximize expected profits. The assumption of risk neutrality is not perfectly 
general, of course, but even for nonrisk neutral firms risk neutrality is a good 
approximation for relatively small risks, which is probably a fair description of 
most risks associated with violating pollution standards.* 

The first order necessary conditions for an interior maximum are: 


Poort: oC Ol et (3a) 
= (1 SU, =e (3b) 


Condition (3a) says that marginal revenue should equal marginal costs Jess 
the subsidized fraction of the difference between the marginal costs of output 
at the base level of waste and the marginal costs of output at the chosen level of 


* Given the basic tenct of portfolio theory that one can evaluate the risk of any asset only 
in the context of its relationship to the array of all assets, it is difficult to see how one would 
make rigorous sense out of the idea of cither risk averseness or risk preference for a firm that 
may be owned by thousands of stockholders with differing portfolios and preferences for risk. 
The present assumption can at least be defended on the grounds that in the Jong run 
(assuming survival of the firm and some version of the law of large numbers) the risk neutral 
firm will have had greater average profits than cither the risk averse or risk preferring firm. 
To put it another way, if all profits were reinvested for all firms at some constant rate of 
return, then the risk neutral firms would eventually be the largest. 
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wastes. If the cost function is separable in x and w, the Jast term is zero and we 
get the conventional answer that marginal revenue should equal marginal cost. 
If Caw <0, we would expect (C,—C,’) >0, and therefore, that marginal 
revenue would be less than marginal costs. With such a cost function and sub- 
sidy one ends up subsidizing output as well as pollution control. This is no doubt 
part of the reason why most actual cost subsidies are for types of pollution con- 
trol equipment that have no obvious connection to the production of output. 
This, of course, means that pollution control is not achieved in a least cost 
manner from society’s viewpoint. 

Condition (3b) tells us that the unsubsidized fraction of marginal costs of 
reducing wastes should equal the increase in the expected monetary value of the 
fine with a one unit increase in actual waste. Clearly it may often be the case 
that equality in (3b) does not hold. For example, if both the fine and the 
probability of receiving a penalty are fixed and independent of the violation size, 
then G’ = 0, and C, = 0 will appear to be the maximizing condition, which is 
what it would be in the absence of standards. However, if the expected fine is 
high enough one will get the other “corner” solution where tw = tw. 

The two possibilities for the case just mentioned are illustrated in Fig. 1. We 
have drawn costs as a function of wastes while holding output constant. For 
simplicity we have assumed a zero subsidy in this and following figures. Two 
different fixed sizes of expected fine are indicated by G, and Go. The level of 
costs under complete compliance is indicated by Ce, and under no effort at 
compliance the costs are Cy. Since C, + G; < Cs, the firm makes no effort at 
pollution control under expected fine G;. Under expected fine Ge, the firm 
chooses zero violation since C, + Ge > Co. 

In general, the possibilities for corner solutions depend upon the relative 
heights and shapes of the cost and expected fine functions, as well as the levels 
of w, and b. Figure 2 shows a case where an interior solution, characterized by 
WwW, > tw* > tw,, exists. The full compliance level of costs OMe is greater than the 
costs at the minimum point of the C + Gs curve where wastes are w® and costs 
are at height OM,. It is due to the increasing nature of the expected fine and the 
decreasing marginal costs of waste prevention that w® is to the left of two. 
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Fic. 1, Choice of violation size with constant expected fine, 
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Fic. 2. Choice of violation size with a constant slope expected fine function. 


Careful perusal of variations on Fig. 2 indicates that as long as G’ 20, a 
(further) requirement for a positive violation level is that 


wv 
—C a w=Ws = (th; acoty 


given a zero subsidy and the other assumptions on the cost function. Since the 
marginal costs of reducing wastes decrease as wastes increase, while the slope 
of the expected fine function is here assumed to be non-decreasing, we must 
have marginal costs of waste reduction at the allowed level of wastes greater 
than the rate of increase in the expected penalty with respect to the first unit of 
illegal wastes in order to have a positive violation. 

To gain further insight into the possibilities of corner solutions we shall now 
consider the second order conditions for a maximum. These conditions are that 
the determinant of the Iessian matrix, 


nies a dd — i) Cee => bG=2) =a (1 —b) Cr 
—(1 — b)Cww —(1 — D)Cuw — PF.G" 


and that the terms on the diagonal be negative. This expression has the common 
implication that the cross partials of the cost function should not be too large 
in comparison with the repeated partials in tw and x. A further implication is 
that G” cannot be too strongly negative or the second order conditions will 
not hold. One may note that the linear expected fine function in Fig. 2 implies 
that its second derivative is zero, and thus it is consistent with satisfaction of the 
second order conditions, The satisfaction of the second order conditions ensures 
us that there is at most one interior maximum, which will be the global maximum 
if there is no discontinuity in the expected fine function at the zero violation 
level. 

We may now list and discuss a number of comparative static results showing 
rates of change of controlled variables with respect to parameter changes. In 
the following results we have taken advantage of the normalization P = F, = 1. 
Ow Ow (lz. — (1 — b)C32, — 0C.,° 1G" 
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These results are based on the assumption that both the first and second order 
conditions for a maximum are satisfied. On this basis the relationships in (5a) 
tell us that wastes created and released will decrease with increases in the level 
of fines or increases in the probability of detection at all sizes of violation. In 
other words, a general increase in expected fines decreases the actual level of 
wastes and the size of violation which the firm chooses. We also find from (5b) 
that an increase in the cost subsidy will reduce the size of any standards viola- 
tion, a result due basically to the fact that the relative cost of complying with 
the standard has been reduced. This provides a rationale for the commonly 
used cost subsidies, which economists have tended to ignore or presume to be 
useless in situations where none of the benefits of reducing pollution are internal 
to the firm. 

On the output side we find that increased fines and probability of detection 
tend to reduce the expected profit maximizing level of output to the extent that 
marginal costs of output are increased by reductions in the emitted wastes. Thus, 
without separability we would tend to find that limitations on the amount of 
wastes would tend to reduce the profit maximizing level of output for the firm. 

Interestingly enough, the direction of change in waste and output levels with 
respect to a change in the allowable wastes under the standard is dependent 
upon G”, the second derivative of the expected fine function with respect to the 
size of the violation. If the slope of G is increasing, then waste and output will 
move in the same direction as allowable wastes under the standard. This is the 
more intuitive result. One may conjecture that it is likely though not certain that 
this would be the most relevant case. If G” > 0, it can be plausibly argued from 
the relevant expressions that the increase in wastes will be less than the allowable 
wastes under the standard, i.e., that the size of violation will decrease with a 
loosening of the standard. 

However, there is nothing in the second order conditions which definitely 
rules out the case where the slope of the expected fine function is decreasing, 
In this case we find that making the standard marginally stricter will increase 
the actual amount of waste released by the firm. To give the reader a better fcel 
for the situation we refer to Fig. 2, which illustrates what occurs in the border 
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line case where the slope of the expected penalty function is constant. The shift 
in the wastes standard from tv, to Wx has the effect of shifting upward the curve 
representing the sum of costs plus the expected penalty to C + Gu. Thus costs 
at w® increase from a height of OM, to ON,. Ilowever, due to the parallel 
nature of the shift, ON; now represents the new minimum of the sum of costs 
plus expected penalty. In other words, there is no change in actual wastes 
emitted. The size of the violation increases in the same magnitude as the reduc- 
tion in the allowed level of wastes. 

Finally, we note that the change in output with respect to a change in the 
cost subsidy rate is in general ambiguous in sign. This is due to the existence of 
two counteracting effects. The subsidy reduces the cost of pollution control 
which allows more output for the same pollution control efforts and total costs. 
However, because the subsidy encourages less pollution it indirectly increases 
the marginal costs of output. Which effect dominates depends upon the size of 
practically all of our parameters and the first and second partial derivatives of 
the cost function. In the special case of separability between output and wastes 
in the cost funetion, we can assert that the change in output with respect to a 
change in the subsidy rate will be zero. 

All of these comparative static results are under the assumption that the first 
order conditions are satisfied with equality and the second order conditions 
hold. If, on the other hand, we do not have an interior solution, we would still 
expect that small changes in the parameter values would have either no effect, 
or effect waste and output levels in the direction indicated by the comparative 
statics results. 

This expectation tends to hold up even with respect to variations in tw, in the 
case where complying with the standards maximizes expected profits. One might 
be tempted to expect that permitted and actual wastes would move in the same 
direction regardless of the shape of the expected fine function. That this may 
not be the case is illustrated within Fig. 1. When the allowable level of wastes 
is decreased from tw, to tvs, under the assumption that the expected fine is a con- 
stant G, we find that overall expected costs are now lowest at the level of w, 
wastes, i.e., costs at full compliance with the stricter standard Cy are greater 
than (C;+G.). Thus, in this case, increasing the strictness of the standard 
increases the actual level of wastes from tw, to tv,. To put it another way, the 
firm may go from full compliance to totally ignoring the standard as it increases 
in strictness if the expected fine does not increase rapidly enough with the size 
of violation. For the special case illustrated by Fig. 1, Anderson [1] preceded 
us in discovering this result. 

All of the previous results are about individual firms and, therefore, one needs 
to know something about industry structure in order to discuss effects of pollu- 
tion standards on aggregate of firms. For firms operating in an environment 
where expected long run economic profits should be zero, average costs become 
important for determining the amount of wastes which the industry will generate 
since average costs determine the size of the industry in terms of output. Thus, 
even in the seemingly perverse case where tightening standards increases the 
firm’s waste creation, we would expect (and Vigs. 1 and 2 confirm) that the 
firm’s average costs would increase. This would tend to reduce the size of a com- 
petitive industry and work in the opposite direction from the “counterproductive” 
effect on the individual firm. 
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In the same vein, an increase in the cost subsidy rate for pollution control 
would be expected to reduce the average costs of output for the firm even though 
the marginal effect is uncertain. Thus the size of the industry would be larger 
with the subsidy, ecterus paribus, even though each individual firm may produce 
less pollution. It is possible that the larger industry size would increase pollution 
relatively more than any reduction in the pollution per unit of output that the 
cost subsidy might induce. The overall effect will depend upon a number of 
factors including the elasticity of the market demand for the output. 


II. EVADEABLE POLLUTION TAXES 


It is of interest to compare the kind of results we obtain with pollution stan- 
dards with those we would get in the case where a tax per unit of waste emitted 
is imposed. To make the comparison reasonable, it is assumed that the pollution 
tax is evadeable. This may be interpreted as meaning that actual wastes released, 
Ww, are greater than the reported wastes, w,, where the tax is directly on reported 
wastes only. The firm’s costs C are a function of ouput x and the actual wastes 
released tw in the same manner assumed in the case of standards. (We no longer 
assume any cost subsidy.) All of the remarks about the signs of the derivatives 
of the cost function still apply. 

The unit tax ¢ is applied to tw, so that total pollution tax paid equals ¢ times 
tv,. In order to prevent the firm from evading all taxes by reporting zero released 
wastes, the pollution taxing agency imposes penalties for evasion of pollution 
taxes. The size of the evasion will be measured by v = (tv — 1v,), where we 
re-use the letter v to reflect the size of violation in this different case. There is 
some justification for this procedure. In the cases of standards, the reported 
wastes would always be w, since there is no incentive to have actual or reported 
wastes less than tw,, and reported wastes above tv, would be asking for a penalty. 
So even in the standards case the violation size v could be interpreted as the 
difference between actual and reported wastes. 

Again we will use the function G(v) = pf to reflect the shape of the expected 
fine as a function of the violation size where p and f have the same meaning as 
before. The shift parameter of the probability of detection and punishment will 
again be labeled P, which will be taken to be equal to one. We shall distinguish 
between two components of what we shall call the expected penalty function. 
The first component consists of a fine shift parameter F’, also taken to be equal 
to one, multiplied by PG(v) to reflect the expected fine size. The second com- 
ponent will be the tax that will be collected on unreported but discovered 
wastes. Thus, in addition to any expected fine and the tax on reported wastes, 
there is an expected tax on unreported wastes of Ppvt. To reduce the number of 
terms in later expressions we will define B = pv. We note that 


Bi=p+pv (Ga) 
IBM = Oss yey (Gb) 


ll 


If we again use R(x) to denote total revenue as a function of output, we may 
write expected profits as 


I, = R(x) — C(x, w) — tw, — FPG(v) — PB. (7) 


The firm now has three control variables, x, wv, and tv,, with which it attempts 
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to maximize expected profits. Accordingly, we will have three first order neces- 
sary conditions for a maximum, which are: 


Rese Coan, (Sn) 
200% pp pyre ne (Sb) 
cof PG? PR fect iG’ ta iieaal, (Se) 


Condition (8a) informs us that marginal revenue should equal marginal cost, 
the same type of result one would get if there were no pollution tax (although 
the level of marginal costs will be affected by the actual level of pollution con- 
trol). Condition (8b) indicates that the marginal cost of reducing actual waste 
should be equal to the marginal increase in the expected penalty (expected fine 
plus additional tax) with a unit increase in violation size. Condition (8c) tells 
us that the increase in expected penalty from a unit decrease in reported wastes 
should equal the mnit tax on reported wastes. 

If these conditions hold, it is obvious but interesting the —C, = t. In other 
words, the marginal cost of actual pollution reduction by the firm will equal the 
unit tax on reported pollution. This implies that the actual waste level of the 
firm does not directly depend upon the size of our shift parameters for the fine 
or the probability of discovery of the violation. Furthermore, if the expected 
punishment levels are generally so high that the firm maximizes expected profits 
by having actual and reported wastes the same [(G’ + B’t) > t at all positive ov 
would cause this situation], then it would still clearly be true that the marginal 
costs of waste reduction would equal the unit tax on reported wastes, since re- 
ported and actual wastes are the same. 

At the other extreme of corner solutions, however, this result would not hold. 
If expected punishment costs are sufficiently low and increase so slowly that the 
unit tax on reported wastes is everywhere greater than the increase in expected 
penalty with respect to violation size, one would get a case where reported 
wastes are equal to zero, and the marginal costs of actual waste reduction would 
be equal to the smaller magnitude of the increase in expected penalty costs. 

Practically speaking, corner solutions where reported wastes are zero are 
unlikely. It would be irrational to set penalties so low that no pollution tax at 
all was collected. Moreover, if it is obvious that every firm generates some 
wastes, reporting zero wastes would be a clear signal of a violation. 

Deriving the Iessian matrix of second order derivatives we can. characterize 
the second order conditions for a maximum in terms of restrictions on the signs 
of its determinant and principal minors. We have the restrictions that the 


determinant 
(Hes — Crs) aa Se 0 
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where A= G" + B"t, and that all the diagonal elements must be negative, 
while all second order minors should be positive. These restrictions imply that 
the expression represented by A must be positive for an interior maximum to be 
unique, and a global maximum if there is no discontinuity in the expected 
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penalty function at the zero violation level. Thus, the expected penalty function 
must have an increasing slope to satisfy the second order conditions and provide 
the possibility of an interior solution in the pollution tax case, whereas the ex- 
pected fine function did not have to have a positive curvature in order for an 
interior solution to exist. It is still true, however, that the expected fine function, 
by itself, does not have to have a positive curvature if the function B has a 
sufficiently strong positive curvature. 

Although we have a larger matrix, the comparative statics analysis turns out 
to be simpler in some ways than in the standards case. Equating the shift 
parameters to one we have the following results: 
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First of all, quite consistently with previous statements, we find that the 
actual level of wastes released is independent of the level of fines or probability 
of detection and punishment. Small changes in P and F have no effect on tv. 
Furthermore, small changes in P and I’ have no effect on the firm’s level of 
output. This follows quite intuitively; if the optimal level of actual waste does 
not change, then costs as a function of output would not change, and, therefore, 
marginal revenue would equal marginal costs at the same output level both 
before and after any shift in fines or the probability of punishment. 

We find that actual wastes decline as the tax on reported wastes is increased, 
This occurs because of the connection of both actual and reported wastes to the 
rate of change in the expected penalty with respect to violation size. If costs are 
not separable in output and wastes, we find that output is a negative function 
of the tax on wastes. If costs are separable, then the firm’s output will not be 
directly affected by the tax on reported wastes. 

Result (10f) indicates that increases in the probability of capture at all sizes 
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of violation will increase reported wastes. Since actual wastes are not affected 
by such a parameter shift, this implies a reduction in violation size at the same 
absolute rate. Using this result and explicitly writing out and simplifying (10f), 
one can derive the following relationship between the elasticity of violation size 
with respect to the general probability of detection, and the elasticity of the 
slope of the expected penalty function. 


uN. —1 DNL 
(Byam Ze-(SE 
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where Z = G’ + B’t, and use is made of the normalization P = 1. 

This relationship says that the elasticity of violation size (in absolute value) 
with respect to a proportional shift in the probability of punishment is inversely 
related to the relative positive curvature of expected punishment as a function of 
violation size. To say it another way, if the rate of increase in the increase in 
expected punishment with violation size is relatively small, then a proportional 
increase in the probability of being fined at all levels of punishment will elicit 
a relatively large decrease in violation size. 

The rate of change in reported wastes with respect to a change in the tax on 
reported wastes may be broken up into two parts: A term exactly equal to the 
effect on actual wastes, and a term which reflects the direct tax and penalty 
effects of a tax shift. It has already been determined that an increase in the 
pollution tax reduces actual wastes, and accordingly this component reduces the 
reported wastes to the same extent. The other term in (10g) will be negative if 
(1-B’) is positive. An examination of the first order condition (8c) indicates that 
this must be true if the slope of the expected fine function is positive, which we 
assume to be the case. Since both terms are negative, reported wastes will 
decline to a greater extent than actual wastes when the pollution tax is in- 
creased. This, as (10h) indicates, means that an increase in the pollution tax 
increases the size of the violation that the firm chooses. As one might expect, 
raising the tax rate causes more evasion and presumably a more difficult enforce- 
ment problem. 

Given the insensitivity of actual wastes to the general level of fines and the 
probability of punishment, one might be tempted to conclude that their exact 
magnitude is of little or no consequence over a considerable range. This idea 
has a rough validity for all firms in the short run, and firms in noncompetitive 
industries in the long run. It is definitely not true in the long run for those firms 
in industries where expected Jong run economic profits tend toward zero. In 
these industries it is the long run average costs which determine the industry size 
in terms of output. A lower level of enforcement of payment of pollution taxes 
may not change the actual level of wastes emitted by any firm, but the implied 
lower level of some combination of pollution taxes, and: penalty payments will 
imply lower average costs and more firms in the industry. In this regard it 
should be noted that, ceterus paribus, firms with the same expected fine function 
will have lower average costs under the imposition of standards than under the 
imposition of pollution taxes, It is roughly on this point, as Buchanan and Tullock 
[7] explain, that standards fail to produce a Pareto optimal (or pollution tax 
equivalent) resolution to a pollution externality under perfect competition. 

This model may not be irrelevant to the current situation in the area of water 
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pollution control. The recent federal legislation states that municipalities must 
charge fees to firms for accepting their wastes, fees which must be designed to 
cover the costs of treating those wastes. If the firm were not legally allowed to 
channel any wastes directly into public waters, then, with proper interpretation, 
this model might almost directly apply. The fee for municipal acceptance of 
firms’ effluent would correspond to the tax on reported, in this case delivered, 
wastes. Violations might take the form of illegal dumping of wastes in the river, 
or channeling more wastes to the municipal treatment plant than the firm pays 
for in effluent fees. (More complicated and subtle versions of the same problem 
might involve the firm reneging on pretreatment requirements or negotiating 
reductions in other types of taxes (such as the local property tax) to compensate 
for the newly instituted effluent fees.) Even if the firm is allowed to release a 
fixed level of wastes, tv,, directly into public waters, we may simply define the 
size of violation as v, = [to — (tw, + 1tv,)], and the previous results are not 
qualitatively altered, although chosen values of the control variables would differ. 

If one modifies the definition of the violation size as just suggested, one gets 
the additional results that dw,/dws = —1, and dw/dw, = 0. The former result 
says that there would be a one to one reduction in reported waste (subject to 
effluent fees by the municipality) with any increase in the allowable standard 
of wastes disposable directly into public waters. Put another way this result is 
quite striking. It tells us that making the standard stricter would not increase 
the violation size, but simply cause an increase in the amount of wastes going 
to the treatment plant and paying the effluent fee. The latter result indicates that 
changing the standard would have no effect on the actual amount of wastes 
created, which is in contrast to the pure standards case, but quite in spirit with 
our results in the pollution tax case. 

Inevitably one runs into difficulty in trying to fit reality to a model. Relevant 


here is the fact that legislatively described fines are often in terms of days of. 


violation rather than being geared to the quantity of pollutant. Even so, or per- 
haps because of this, the actual level of fines is left to the discretion of the 
courts within the constraint of maximum and minimum fines.’ This methodology 
could produce its own peculiarities. Another complicating factor is the actual 
variety and interactability of real world wastes. And, with at least two, and 
perhaps three, levels of government (with varying views of benefits and costs) 
participating in pollution control with regard to the same set of potentially 
geographically mobile firms, the actual situation becomes extremely complicated. 


IV. NORMATIVE IMPLICATIONS 


The analysis heretofore has been predictive in the sense of simply drawing out 
the implications for a firm’s behavior under expected profit maximization. We 
will now attempt a discussion of the normative implications of an analysis that 
includes the possibility of evading the pollution taxes, which are imposed pre- 


3 Vor example, within Title IIT, Section 309 of the Federal Water Pollution Control Act 
Amendments of 1972 it is stated that any firm or municipality (or the persons responsible) 
violating an applicable pollution standard “. , . shall be punished by a fine of not less than 
$2250 nor more than $25,000 per day of violation, or by imprisonment for not more than 
one year, or by both.” Except for the expectation that the courts will use their discretion 
wisely in gearing fines to the actual damages caused by the pollution, this would appear to 
be an unsatisfactory way to relate fines to the severity of the violation. 
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sumably to reduce an externality to an efficient level. The discussion will speak 
in terms of a pollution tax rather than a standard, since it is the former which 
has been most favored by economists for its potential to improve efficiency. We 
will use the intuitive, but not completely rigorous, concepts of damages and costs 
measured in dollar values. Hopefully this problem may be treated within a 
rigorous general equilibrium framework at some future point. At this point, 
however, the technical problems with more precise approach appear too complex 
to explore. 

The results derived indicate that the larger the pollution tax, the greater the 
evasion of that tax. This points to increasing enforcement costs as attempts are 
made to reduce actual pollution. We therefore have increasing marginal costs 
of reducing pollution which include additional costs of enforcing pollution taxes 
(or standards), This would argue for a reinterpretation of the rule that pollution 
should be eliminated to the point where marginal damages are equal to the 
marginal costs of treatment or prevention. Under present assumptions we should 
have marginal damages equal to the marginal costs of treatment or prevention 
plus the marginal costs of enforcing the treatment or prevention. 

This point can be argued somewhat more rigorously by a modification of 
Becker’s [5] approach to the optimal level of crime and law enforcement, which 
is to minimize the sum of the damage caused by crime plus the costs of captur- 
ing and punishing criminals. In this context we wish to minimize the sum of the 
damages caused by pollution plus the costs of treating or preventing pollution 
plus the costs of enforcing the taxes or other instruments by which pollution 
control is encouraged. 

Let us define the value of the damage done to society by an aggregate level 
of waste W as D(\V). On the basis of previous analysis we would expect aggre- 
gate wastes to be a decreasing function of the unit pollution tax £. It is also con- 
sistent with previous results to assert that the aggregate level of waste should be 
a decreasing function of the general level of fines F and the general probability 
of detection and punishment for an evasion of pollution taxes, P. (P and F are 
now viewed as control variables of the government rather than as parameters. ) 
Previous results indicate that the later two factors may ordinarily have no effect 
on the actual level of the firm, but, as we have argued before, expected punish- 
ment levels will effect the number of firms (and thus aggregate wastes) in a com- 
petitive industry via the effects on expected average costs. The costs of removing 
or preventing wastes are an increasing function of how much lower wastes are 
than than they would be if no efforts were made to incur or prevent wastes. 
This base level of wastes will be labeled W,, while the aggregate costs of 
neutralizing wastes will be S = S(Y), where Y = (W,— W). 

Costs of enforcement of the pollution tax, E, will be an increasing function of 
the probability of capturing violators, P, and an index of the number of violators, 
V. No analysis of the shape of the function relating the probability of detection 
and the size of the violation will be attempted. However, the variable V is 
taken to reflect some index of the number and size of violations, which would 
in general depend upon the ease of detecting violations of different sizes, The 
level of the index of violations will itself be a negative function of the probability 
of detection and punishment, and the general level of fines F, but it should be a 


positive function of the height of the unit tax t on reported wastes. Thus, we 
have = E[P) V(Pyyt) i]. 


The Economics of the Environment 
40 JON D. NARFORD 


Lastly, consistent with Becker, it will be assumed that there are social costs 
of punishment. These-social costs are assumed to be a linear function of the 
general probability of punishment times the general magnitude of punishment. 
Specifically, total punishment costs are hPI’, where h is a parameter which 
reflects general population size and other factors. Again, for simplicity, we avoid 
consideration of the structure of fines over the violation size. Given the fact that 
punishment in this context is likely to be a fine, the assumption that there are 
non-negligible social costs to punishment may not be very appealing to some. 
Harris [9] suggests another rationale for social costs of punishment: that of 
wrongful punishment. Occasionally, the innocent may be fined and this can be 
looked upon as causing social costs. On a more general note Stigler [12] points to 
the idea of marginal deterrence rather than social costs of punishment as the 
critical factor in the determination the appropriate level of punishment for any 
crime. This may be interpreted as saying that the higher the punishment for a 
given type of crime the greater the occurrence of other types of crimes with 
their attendant social costs. Further discussion of how, and how well, these 
rationales serve in arguing for social costs of punishment is not warranted: here, 
except to say that Stigler’s line of thought quickly leads us back to the tricky 
problem of determining an optimal structure: of punishment.* For the moment 
we will simply work with our simple assumption. 

We may now write the sum of pollution damage costs plus the costs of treat- 
ment/prevention plus the costs of enforcement of pollution taxes as 


L = DW) + 80% 4 BP, VE PP (12) 


The social goal is to minimize total social costs through the choice of I’, P, and 
!. The three first order necessary conditions for minimum social costs are: 
where the subscripts indicate partial derivatives. 


(Dy — Sy) Wat Lyle = 0 (13a) 
(Dw — Sy) Wp + Lp + Hy Vp + hh = 0 (13b) 
(D iia Sy) Wr -+ HyV pr “bE hP = O (13¢) 


For present purposes it is condition (13a) that is of main interest, and so we 
will forego any comment on conditions (13b) and (13c), except to say that 
they indicate the usual balancing of marginal damages and marginal costs as 
they relate to the variables P and 7’, respectively, Condition (13a) can be re- 
arranged to read 


Dy = Sy — (yr V)/W i. (14) 


41£ one examines the concept of marginal deterrence closely it becomes evident that, 
unless there is some maximum feasible costless punishment, the need for marginal deterrence 
alone will not always Jead one to a finite punishment for any crime. The basic reason for this 
is that one can mathematically conceive of infinite rates of punishment. In the context of 
this paper, one might have an infinite amount of fine per unit of violation and thus preserve 
marginal deterrence without having finite punishments, Clearly, in any practical sense, there 
is a maximum feasible costless punishment, Assuming for the moment that fines have zero 
social costs, it is clear that any fine cannot exceed the economic worth of the firm or indi- 
vidual fined. Given that there is a maximum feasible costless punishment, the concept of 
marginal deterrence should enable one to reasonably consider what an optimal structure of 


punishments should be. 
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Given our assumptions about the various functional relationships involved, the 
expression to the right of the minus sign is itself negative. This implies that the 
damages caused by one more unit of waste should be greater than the costs of 
physically eliminating the unit by the amount of the extra expenditure on en- 
forcement induced by the increase in tax evasion caused by. the additional pol- 
lution tax required to reduce pollution by the last unit. 

Of course, a full assessment of the normative implications of pollution controls 
must recognize that the imperfections may be just as great in enforcing non- 
pollution types of taxes and controls. Imperfections in controls are simply another 
set of factors to consider in forming policy toward the existence of pollution 
types of externalities, along with market structure, various uncertainties, and 
dynamic considerations. 


V. CONCLUSION 


This paper has presented models of an expected profit maximizing firm under 
imperfectly ‘enforceable pollution standards and under imperfectly enforceable 
pollution taxes. We have found that under standards increasing the expected 
level of the penalty will reduce the level of wastes released by the firm, but 
that increasing the strictness of the standard will only reduce the firm’s wastes if 
the slope of the expected fine function with respect to the size of the standards 
violation is increasing. We have also found that the use of cost subsidies for 
pollution control expenses can serve the useful function of reducing the level of 
the firm’s violation of the standard and thus its actual Jevel of wastes. 

Under imperfectly enforceable pollution taxes the analysis has established the 
neat result that the marginal costs of pollution reduction by the firm will be 
equated to the constant rate of the pollution tax as Jong as the slope of the 
expected penalty function is increasing. This implies that on the firm level the 
amount of pollution tax evasion is independent of the actual wastes, which are 
determined by the pollution tax rate. The level of tax evasion is determined by 
equating the increase in expected penalty with respect to a unit reduction in 
reported wastes to the decrease in tax paid. Therefore, the general level of fines 
and the probability of punishment affect reported wastes but not actual wastes. 
Further results indicate that increasing the tax rate on reported wastes will 
reduce actual wastes released by the firm, but it will reduce reported wastes 
even more, implying an increase in pollution tax evasion. 

We have also suggested that, with proper reinterpretation of the violation 
size as the difference between actual wastes and an allowable standard of wastes 
plus an amount of (reported) wastes going to a fee charging treatment plant, 
one can apply the pollution tax model to current situation in the area of water 
pollution. Under this reinterpretation, changes in the allowable standard of 
wastes has no effect on wastes leaving the firm, or violation size, but are offset 
exactly by the amount of wastes going to the treatment plant. 

In considering the implications of these results for policy it has heen men- 
tioned that effects of various policies on the expected average costs of firms are 
important and may not always work in the same direction as the effect on the 
individual firm’s marginal decision. Furthermore, in Section IV, we suggested a 
reinterpretation of the intuitive rule of efficiency in pollution control that the 
marginal damages of pollution should equal the marginal costs of eliminating 
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pollution. The version which this paper suggests is that the marginal damages 
should be equal to the marginal costs of physically eliminating. the pollution 
plus the additional costs of enforcing any pollution control instrument to the 
extra degree required to induce the unit reduction in pollution. 

Throughout this paper we have assumed that the pollution control agency 
faces firms which believe that they cannot effect the penalty structure or subsidy 
rate of the agency. If the number of different polluters is small, this assumption 
may not be valid. Firms may adopt various kinds of strategic behavior and 
threats in order to affect the penalty structure. They may threaten to go out of 
business, or to move to a region where the agency does not have authority. 
Firms might collude to violate pollution control laws simultaneously, thereby 
overloading the agency’s ability to enforce its laws with any effectiveness. The 
agency may be able to adopt various counterstrategies in this regulatory duopoly 
game. The outcome of such a situation is not easily determined, but there are 
counterparts to it in many types of regulation, Assuming that it is desirable to 
minimize the possibilities of such strategic behavior on the part of firms, it ap- 
pears preferable to formulate and administer pollution controls at the most 
inclusive level of government possible. 

This paper raises a number of (other) unsolved problems. One of the more 
interesting ones is the development of the concept of an optimal structure of 
penalties. This will likely involve an examination of both the structure of fines 
and penalties per se, and the technical and resource allocational nature of the 
probability of detecting and punishing violations of different sizes. Another prob- 
lem would be to develop a more explicit and rigorous model to analyze the 
optimal level of pollution, pollution taxes, and enforcement of pollution taxes 
than that developed in Section IV of this paper. That analysis might be inter- 
preted as suggesting that one should have a lower pollution tax rate in a case 
where there are enforcement problems than when there are not, but such a con- 
clusion is not explicit, and we suspect that it may not always be true. A more 
explicit analysis would clarify this and other significant ambiguities. 
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1. Introduction 


In the United States, empirical studies of the enforcement of continuous 
compliance with environmental regulations, especially air and water pollu- 
tion regulations, have repeatedly demonstrated the following: 

(i) For most sources the frequency of surveillance is quite low. 

(1) Even when violations are discovered, fines or other penalties are rarely 
assessed in most states. 

(11) Sources are, nonetheless, thought to be in compliance a large part of 
the time.! 

The evidence for the apparently low level of enforcement activity is found 
in a number of case studies of state and local enforcement of air and water 
quality regulations conducted jointly by the Environmental Protection 
Agency (EPA) and Council on Environmental Quality (CEG), together with 
periodic surveys of implementation of air and water quality legislation 
conducted by the General Accounting Office (GAO)? These surveys show 


*This research was partially supported by the National Science Foundation, Grant No. PRA 
8413311. 1 would also like to thank, without implicating, Carol A, Jones, Arun Malik, Wallace 
E. Oates, Paul Portney, Clifford S. Russell, Robert Schwab and Michael Toman for discussion 
and comments on earlier drafts. 

"Because several different environmental regulations or requirements are enforced, “com- 
pliance’ is a somewhat ambiguous term, and depending on context may mean (1) initial 
compliance, in which the objective is to force the regulated source to install the abatement 
equipment that enables the regulation to be met, (2) compliance with reporting requirements, 
which aim to force the firm to meet regulatory requirements on the reporting of data to the 
authorities, or (3) continuous compliance, which attempts to force the source to keep emission 
discharges within regulatory limits. There have been well-publicized examples of heavy penalties 
for violation of environmental regulations, but these are largely confined to the first two 
categories. Continuous compliance with discharge limitations, which is of course what deter- 
mines environmental quality, is hardly enforced via penalties at all. 

2The results of these case studies are summarized in U.S. EPA (1981a, 1981b) and in Russell, 
Harrington and Vaughan (1986) and U.S. GAO (1982). Also see U.S. GAO (1979), Downing and 
Kimball (1982), Willick and Windle (1973), Environmental Law Institute (1975), Harrington 
(1981) and Russell (1982), and Abbey and Harrington (1981) for reports on some other 


enforcement surveys. 
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Table | 
State enforcement activity (annual averages, 1978-1983). 
re. ; he Penalties 
Civil Number of Average of Average 

NOVs actions penalties penalties penalty 
State issued brought assessed assessed per NOV 
Colorado 124 3.6 0.5 $120 $0.48 
Connecticut 800 223 PAS 363° 9.75 
Indiana sgh NA Aa) | 4,050° 1,442.37 
Kentucky 194 5.2 52 2,520" 67.52 
Massachusetts NA 0 19) 0 0 
Minnesota 4) NA 10 10,900 2,658.53 
Nebraska 59° NA 0.2 200 0.67 
Nevada Biles 0.3 De 45 3.33 
New Jersey 1,167 NA 350 1,430 428.45 
Oregon 197 NA 30.7 705 110.00 
Pennsylvania NA NA 176° 1,480 - 
Rhode Island 5 ee 0 0 0 
South Carolina 68" ous 22 24,250" NA 
South Dakota ge 12 0.3 1,000 20.00 
Tennessee 193! 8.4 0 0 0 
Virginia 161 7.8 3 200 3.79 
Wisconsin 80.5) 13:5 LT 7,951 760.00 


Note: NA=not available. 

"Refers to amounts assessed; over the same period actual collections were 62 percent of 
assessments. 

"Includes both NOVs and compliance orders. 

“Excludes one penalty of $415,000, which was cancelled when company bought equivalent 
amount of air pollution equipment. 

“Excludes performance bonds (two required for total of $45,000 in last five years). 

‘Excludes Lincoln and Omaha. 

‘Only data from the last quarter of 1983 was readily available. This figure is an extrapolation 
to an annual average. 

®No NOVs were issued before 18 April 1983. From 1 July 1983 to 31 March 1984, 51 NOVs 
were issued. 

"Excludes one fine of $1,700 per month until compliance was restored and one fine of 
$250,000 dropped in lieu of a donation of a like sum to a technical college. 

‘Does not include NOVs from Continuous Monitoring Data, which were extremely numerous. 

11980-1983 only. 


that the typical source can expect to be inspected on the order of once or 
twice each year. When a violation is discovered, by far the most common 
response is for the agency to send the firm a Notice of Violation (NOV), 
ordering it to return to compliance but taking no further action. The 
reticence to use penalties is exhibited in table 1, which reports the results of 
an RFF survey of state-level enforcement activity conducted in 1984, As shown, 
most states levied penalties for less than 5 percent of the notices of violation 
(NOVs) issued each year, although some states, such as Pennsylvania and 


The Economics of the Environment 


W. Harrington, Enforcement leverage 31 


New Jersey, made frequent use of penalties. Also, the size of the penalties is 
generally very small. 

Many of these same case studies also provide evidence for the third 
assertion. States are required to report annually on the compliance status of 
major stationary sources of air pollution, and these reports routinely indicate 
that well over 90 percent of all sources are in compliance. Spot-checks by the 
EPA (which used to have a program to reinspect a random 10 percent of 
sources reported by the states to be in compliance) have shown that most of 
such sources actually were in compliance. During 1977, for example, 22 
percent of such sources were found to be in violation by the EPA [U.S. 
GAO (1982)]. In water quality enforcement, surveys by GAO in 1978 and 
1980 revealed that 55 percent of industrial waste dischargers and 34 percent 
of municipal waste dischargers had committed ‘serious’ violations of permit 
requirements at some time during the past year [U.S. GAO (1982)]1. Note, 
however, that while violations are frequent, they are far from universal. 

Other surveys have disclosed similar results. The EPA-CEQ studies 
mentioned above collectively estimated that the sources examined were in 
violation of the standards about 9 percent of the time [U.S. EPA (1981b)]. 
However, the authors of these studies made the assumption that those 
sources were in compliance except when available plant data indicated 
otherwise, so that they probably underestimated the time in violation. In 
New Mexico, about 30-40 percent of all surveillance visits by agency 
personnel uncovered emission violations [Harrington (1981) ]. 

But even though empirical support for all three statements can be found, 
together they seem mutually contradictory. Indeed, the truth of the three 
statements seems to violate both common sense and most existing models of 
environmental enforcement. For if enforcement activity is carried on at such 
a low level, and if violations are rarely punished even if discovered, why 
would any firm bother to comply? Reconciliation is indeed difficult in static 
economic models of environmental enforcement, in which the penalty facing 
the firm depends on the firm’s rate of emissions, not on its previous 
compliance record. 

All three observations, however, can be made consistent with a dynamic 
repeated-game model in which the regulated firm and the enforcement 
agency can react to previous actions by the other. 

In this paper such a model will be described and its properties examined, 
The enforcement agency sets the parameters of the game, which in turn 
determine the average rate of compliance, the firm’s expected compliance cost 
and the agency’s expected enforcement cost. A key feature of this game is the 
assumption that the size of the penalty that the agency can impose in any 
period is restricted. 

The interest in such a model is justified in part by the very low level of 
fines currently imposed for violations of continuous compliance. The rarity of 
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penalties might be attributable to a number of causes. In most states there is 
a restriction on size of penalties that can be levied each day (usually $1000 
or $5000). In addition, agencies can often cite violations occurring only on 
the day of surveillance events, even though the inspector may believe the 
violation has been occurring for some time.? Even when a maximum fine Is 
not imposed by statute, there may be a practical or political limit to the size 
of penalties. Severe but rarely-imposed penalties might seem capricious and 
unfair. Also, there is an upper limit to the fine that can be imposed on any 
given firm such that the firm is not driven into bankruptcy [Braithwaite 
(1982)]. In any event, levying penalties can be a costly activity for the 
agency, just as surveillance is. 

In section 2 the enforcement game is described and analyzed from the 
firm’s point of view. The firm’s optimum strategy is a two-state Markov 
decision problem, one for which parameters selected beforehand by the 
agency determine transition probabilities and payoffs, and hence the firm’s 
compliance rate. The main result of this section is that the firm may have an 
incentive to comply with regulation even though its cost of compliance each 
period exceeds the expected penalty for violation, or even the maximum 
penalty that can be levied in any period. The property will be called 
‘leverage’. Section 3 discusses the optimum choice of parameters for the 
agency. It will be shown that when these optimum parameters are selected, 
no penalties are ever collected for violations. In addition, compared to state- 
independent enforcement schemes this model allows a target compliance level 
for less enforcement effort, although the advantage is not very great if the 
target compliance rate is high. In section 4 it is shown that introducing a 
third state into the model increases the cost-effectiveness off enforcement by 
the agency by turning the game into a ‘threat game’. Finally, in section 5 
these results will be discussed in light of the empirical findings that motivated 
the paper in the first place. 


2. A dynamic model of firm behavior 


The economic approach to enforcement began with the seminal article by 
Becker (1968). In contrast to the then-prevailing views in criminology, Becker 
assumed rational economizing behavior among criminals, whose expectations 
of gains from illicit activity had to be countered by an expectation that some 
violators would be caught and punished. The structure of penalties is thus an 
important determinant of the crime rate. 

Unlike criminal activity, violation of environmental regulations is usually 
inadvertent rather than willful, especially after initial compliance has been 


In contrast, large fines have been assessed for violations of initial compliance or reporting 


violations, which are relatively easy to detect and also easy to infer more than one day's 
violation. 
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achieved. Nonetheless, plant operators have choices in maintenance and 
Operation of abatement equipment, choices that can strongly affect the 
frequency, duration and magnitude of violations. Environmental regulations 
must therefore be continuously enforced, and the application of Becker’s 
insights to this problem is straightforward. 

Most of the early enforcement literature is static [e.g Downing and 
Watson (1974), Harford (1978), Storey and McCabe (1980), Viscusi and 
Zeckhauser (1979), and Linder and McBride (1984)]. In a static analysis 
there is no way for the agency and the firm to react to each other’s actions; 
with the expected penalty a function of the rate of violation, the firm makes 
a single choice of the rate of violation. Penalties for violating emission 
regulations are treated like any other cost, whereupon the optimal rate of 
violation of environmental regulations by a firm occurs when the marginal 
gain from violation equals to marginal expected penalty. 

It is certainly consistent with this approach to consider enforcement a 
simple two-person game, as, for example, Brams and Davis (1983) have done 
in the context of arms control. The players of the game are the enforcement 
agency and a single regulated, risk-neutral firm. In a given play of the game, 
the agency chooses between two actions: to inspect or not to inspect. The 
firm also chooses between two actions: to comply or to violate the 
regulation. Compliance has the same cost for the firm regardless of what the 
agency does. This compliance cost can be avoided by violating the regula- 
tion, but if the agency inspects, thus discovering the violation, the firm must 
pay the cost to return to compliance plus a penalty. The agency, in contrast, 
is rewarded for every period that the source is in compliance (or penalized 
whenever the source is in violation). Thus, the agency’s objective is to 
minimize the frequency of violation, subject to a fixed enforcement budget. 

In a single play of this game the agency inspects the firm with a certain 
probability. If the agency announces beforehand what the inspection prob- 
ability will be, the best strategy for the firm is nonrandom: the firm is better 
off complying with probability one if pF>c, where p is the inspection 
frequency, F the fine for violation, and c the cost of compliance. Otherwise it 
violates. Unfortunately, the expected penalty required to achieve this result 
seems to be very high, implying much higher inspection frequencies and 
penalties than actually experienced in environmental regulation. 

But if the enforcement game is played repeatedly, the agency can alter the 
expected penalty and the inspection frequency based on the firm’s past 
performance. Landsberger and Meilijson (1982) have shown, in a model of 
income tax compliance, that an enforcement regime in which the probability 
of an audit depends on the outcome of the most recent audit is more cost- 
effective than a system in which the audit frequency is independent of past 
audit outcomes. That is, greater tax revenues can be collected for the same 
level of enforcement resources. In Landsberger and Meilijson’s model all 
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taxpayers are placed in one of two states, with movement from one state to 
the other depending on the occurrence and outcome of an audit. Greenberg 
(1984) added to this model a third state, from which no escape is allowed, so 
that once in this state one faces a sure audit each period. He demonstrated a 
result that seems, as the author himself admitted, almost too good to be true: 
regardless of the agency's budget, the rate of violations can be made 
arbitrarily small (though greater than zero). 

The free-lunch aspect of this model was attributed primarily to a hidden 
assumption, namely that the agency could determine with perfect accuracy 
whether the taxpayer was cheating. If false positives are possible, every 
taxpayer is eventually in the third state, forcing the agency to audit everyone 
every period. As Greenberg observed, to prevent this outcome some escape 
from the third state would have to be allowed, and this would impose some 
limits on the performance of the model. This false positive problem in 
Greenberg’s model is examined in the context of environmental regulation in 
Russell (1984) and Russell, Harrington and Vaughan (1986). 

There is another ‘hidden’ assumption that is also important in the 
performance of this model: Greenberg assumes that there is no maximum 
panalty, or at least that the penalty that the agency can impose exceeds the 
firm’s per-period compliance cost. That is to say, if the firm is certain that an 
inspection will occur, the penalty for a violation is assumed large enough so 
that it will choose to comply. 

In other words, it is assumed that the penalty can be made as large as Is 
necessary. This recalls the treatment of the static (i.e. state-independent) 
model examined by earlier authors. In the static model, the penalty can 
always be made large enough so that the firm will always comply. (In the 
notation used earlier, the firm will always comply if F>c/p.) To be sure, the 
penalty must meet a much less stringent requirement, for Greenberg’s model 
only requires > c. 

Here that assumption will be relaxed. The interest will be in the 
rclationship between the firm’s compliance cost and the average level of 
compliance that can be achieved when both enforcement budgets and the 
maximum feasible penalty are limited. It will also be evident just what the 
addition of a third state adds to the cost-eflectiveness of enforcement. 

Suppose, then, that the agency classifies firms into two groups, one of 
which faces more severe enforcement than the other. Each firm can then 
move from one group to the other based on its performance. More precisely, 
let G, and G, denote the two groups of firms, and suppose the inspection 
probability in G; is p; and the penalty for violation is F;, with p,<p, and 
I',<F,. Violations discovered in G, are punished by exile into G, and 
compliance discovered in Gy is rewarded with the chance of a return to G). 
Let u denote the probability that a firm found in compliance in G, is 
returned to G,. Thus, the agency and firm are players in a pair of linked 
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? Table 2 
Payoff matrices for the enforcement games. 


Group | Group 2 
Comply Violate Comply Violate 
No inspection ¢ 0 c 0 
Inspection c Lite ¢ F, 
—+G, P(>G,)=u 


games with payoff matrices as shown in table 2 (only payoffs to the firm are 
shown). 

Before examining the properties of this model several simplifying assump- 
tions are to be noted. First, in many real-world applications the rate of 
emissions is continuous, and hence the degree of noncompliance is important. 
In these models, however, the firm has only two discrete choices: compliance 
or noncompliance. Second, the probability of an inspection is assumed not to 
be affected by the incidence of a violation. But often the occurrence of a 
violation can be detected, or at least suspected, offsite, raising the probability 
of an inspection. Third, it is assumed that an inspection will determine 
without error whether a violation has occurred. This assumption is discussed 
above. 

From the firm’s standpoint this monitoring and enforcement scheme poses 
a Markov decision problem, as discussed in Kohlas (1982). The firm moves 
from group to group according to transition probabilities that depend not 
only on the current state of the system but on the action taken during that 
period by the firm (i.e. to comply or not). In addition, each period the firm 
receives a payoff (or incurs a cost) that likewise depends on the state of the 
system and the action taken. A decision at any time is a map from states to 
actions, and a policy is a sequence of decisions over time. 

Let r4, denote the payoff if action a is chosen when in state i at time ¢. If 
these payoffs are constant over time, i.e. 


and if future payoffs are discounted by a discount factor fi, OSf/<1, the 
following ergodic theorem can be proved [see Kohlas (1982)]: (a) the 
expected gains of any policy over an infinite time horizon are finite, (b) the 
optimum policy is a stationary policy [ie. if { fo, fi,.-.j 18 optimum then 
f()=e(i) for some decision rule g], and (c) the optimum policy g 1s 
independent of the initial state of the system (although the expected gains of 
that policy are not). 

Applied to the monitoring problem, the states are the two groups G, and 
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G,. A policy for the firm is a map f:{1,2}— {0,1} of states into decisions to 
comply with or violate the regulations, and the firm’s problem is to choose 
the policy that minimizes the expected cost over future periods. The 
stationary property means that there are four policies possible. 

The transition probabilities p?; are given as follows: 


a=(0 (comply) eh (cheat) 

G, G, G, G2 
G, | 0 G, b= Pye. Ps 
G, pu l—p,u G, 0 1 


Denote the four available policies by foo, foi, Sio. f11, Where, for example, 
foo is the policy of complying when in both states and fo, is the policy of 
complying if in G, and cheating if in G,. Let E4(m) denote the expected cost, 
in present value, of policy f,; when initially in state m. By the stationary 
property, the expected present value must be the cost this period plus the 
expected present value discounted one period. For example, consider the 
present value of foo, the policy of compliance in both groups. Thus, 


E™(=er pe Uy), 
£9 (2) =e + Bpyuh?(1) + BU = pau) E°(2). 


Solution of these simultaneous equations gives the present value of the policy 
foo. The four sets of simultaneous equations giving the present values of the 
four policies can be conveniently displayed as follows: 


Group 1 Group 2 
Comply(0): E,=c+ PE, E,=c+ Bp ,uE, + Bl —p,)E, 
Violate(1): E, =(l—p,)BE,+p,(F,+ PE) E,=p2.F,4+ PE, 


To evaluate policy f;;, solve the system of equations formed by taking the ith 
equation column | and the jth equation of column 2. 
The optimum policy g takes on values g(k)=v,, k= 1,2, that satisfy: 


vb, =min E(k). 
ij 


The ergodic theorem assures that such a policy exists. 

To find v, and v3, first find the solution of the four simultaneous equation 
systems for the E“(m), which are given in table 3. Examination of these 
solutions reveals several characteristics this game, as follows. 
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= Table 3 
Expected cost of alternative policies. 
Policy EY) E42) 
c fc 
Soo 128 fp 
f cpiB+ pi Fl —B + prup) cl —(1 —p,)B) + Bp.up, Fy 
he (1—B)1—B +p, B+ pup) (1—f)(1—-B +p, B+ pzup) 
r dio Coal gla Pare 
a (1—f)(1 —(1—p,)£) Lp 


Lemma 1. fo, is never optimal. 


This follows because fo, is dominated by fog when c<p,F, and by f,, when 
C2 p2F>. 


Lemma 2. For each initial state k, the remaining E(k), considered as 
functions of the compliance cost c, are of the form A+ Bc, where 


Ord Fee A= 0.8 C, 
jor EDA >0,.B>0, 


jor oA = 0.820, 


Lemma 3. When c=Lo=p,F,, E°°=E'°<E"', and the firm is indifferent 
between foo and fio. 


Ly is found by setting £°°(2) equal to £'°(2) and solving for ¢ (the expeeted 
values for group | could also be used). 


Lemma 4. Similarly, E'° = E'' < E®° when c=Ly, where 


P2Bu(p2F.—piF) (1) 
piel 


L,=p2F2+ 


These results can be summarized in the following proposition. 


Proposition 1. If g denotes the optimal policy, then 
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Fig. 1. Expected cost of the firm’s optimum policy as a function of compliance cost. 
foo. if cSLo, 
g= 4 fio if Loscsly, 
Sicx Lee 


Inasmuch as each f;; is a linear function of c, the expected costs of the 
optimum policy, v,(c) and v,(c), are piecewise linear functions of c, as shown 
in fig. | for k=2 (for k=1 the threshold values Ly and L, are the same but 
the expected cost is lower). 

Since p,F,=p,F,, the threshold L, must be at least as great as p,F, the 
expected penalty in Group 2, and will equal p,F, only in degenerate cases: 

(1) no monitoring in Group 2 (p,=9); 

(11) perfect myopia (f =0); 

(111) no escape from Group 2 (u=0); 

(iv) no difference in expected penalty between the groups. 

In all other cases we must have L, >p,F 3. 

Proposition I classifies firms as foo, fio Or fy; firms depending on its 
optimum strategy, which in turn depends on its compliance costs and the 
enforcement parameters chosen by the enforcement agency. 

Let C,; be the probability that an fj; firm is in compliance. Then Coo=1 
and C,,=0. An fj firm is more interesting, because it complies only part of 
the time. When fio is optimum, the system has the following transition 


matrix: 
G, G, 
G, 1—p, Py 
G, pu 1—p u 


In this case, the firm cheats when it is in G, and complies in G,. The irony 
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of this model is that the firms with the status of ‘good guys’ are the ones that 
can afford to cheat, while those with a ‘bad guy’ reputation comply until 
moved back into the G,. 

For an fio firm the frequency of compliance in steady state is the 
stationary probability of being in G,, or 


Cio= . (2) 


Likewise, let J;; be the probability that an fi; firm is inspected. Clearly, 
foo=P,, and 1,,;=pz, because foo firms are eventually in Group | with 
probability one, and /,, firms are eventually in Group 2. Also, 


F _ Pipl +u) 3 
Fé Py +P2u a 


NotesthatyGng sy, 1, 1bul, since py=pauloa<lig la.) Lhus. firms 
with better compliance records are those with less frequent surveillance. 

The expected fine per period paid by an fj,o firm is p,f'y(1—C,o). If 
fF’, =0, no fines will be collected, yet the firm will be in compliance part of 
the time. In a static model, by way of contrast, absence of fines requires 
either perfect compliance or perfect noncompliance. Furthermore, the firm’s 
compliance cost ¢ can easily exceed the expected fine in G, (which ts p,F 3), 
because L, >p,F>. Thus, in this dynamic model compliance can be achieved 
even though the expected penalty would not be large enough to ensure 
compliance in a static model. The reason, of course, is that compliance in G; 
allows the firm eventually to return to G,, where the cost of cheating is much 
lower. 


3. Formulating agency enforcement policy 


In this section I describe the policy selection of an enforcement agency 
playing the two-group game described above, and consider the consequences 
of adding a third group as described by Greenberg and Russell. The 
enforcement agency wishes to minimize the resources devoted to monitoring 
and enforcement, consistent with achicving a target compliance rate by the 
regulated firm, assumed to have a known compliance cost c*. To carry out 
this task it can modify five variables: the two monitoring frequencies, py and 
p>, the two penalties, F, and F, and the probability u of being allowed back 
into Group 1 after being found in compliance. T= 1/p,u is the expected 
duration in Group 2, assuming compliance. Suppose the target long-run (Le. 
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steady state) compliance rate is Z, and suppose that the maximum fine the 
agency is allowed to impose is I'*. 

The agency has at least three objectives in setting up its enforcement 
policy. (Of course, it will in general be impossible to optimize on all three 
objectives simultaneously, and the agency’s problem is one of constrained 
optimization, optimizing on one objective while meeting target levels on the 
other two.) It wishes to minimize the average inspection rate I*, it wishes to 
make the average rate of compliance as high as possible, and it wishes to 
give firms with the highest compliance cost possible the incentive to comply. 
In the terminology of the two-group model discussed in the previous section, 
this last objective boils down to making L, as large as possible. This 
property will be called leverage, and is defined as follows. Suppose a target 
compliance rate Z is given, and let W be the set of all compliance costs such 
that any firm with a compliance cost ceW complies with probability 
exceeding Z. Now put 4=lub(W)—F and call A the leverage of the 
enforcement policy for the compliance rate Z. 

If the agency’s target is perfect compliance (Z7=1), then the inspection 
resources must be large enough so that J*F*>c*, just as in the static model. 
Also necessary for perfect compliance is for the maximum allowable fine to 
exceed c*. At the other extreme, the agency cannot elicit any compliance at 
all if c* exceeds F*/(1—), because the cost of complying even once exceeds 
the present value of all future fines. If c*¥<F*/(1—/f), then some degree of 
compliance can be achieved.4 

Suppose c* <F*/(1—f), so that some level of compliance is feasible and 
suppose the target Z <1 1s given. The agency’s problem is to find parameters 
(Dis Posl it 4,0) tO Minimize: 


F _ Py p2(1 +u) ‘ 
136 fa a Sa eli ia 
Pi tp 2u (4) 


subject to the following constraints: 
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Although a full solution to this optimization problem is complicated and 
would probably not provide much insight, several interesting observations 
can be made. 


Observation 1. The optimum penalties F, and F, must be 0 and F*, 
respectively. This follows because the penalties do not affect the values of Io 
Or Cio, and the choice of fines maximizes L, for a given choice of the other 
parameters. 


Observation 2. At the optimum no fines are ever collected, because the firm 
violates only in Group I, where F, =0. 


Observation 3. It also follows that an increase in the penalties does not 
affect the rate of compliance, unless it changes the compliance class to which 
the firm belongs (e.g. a f,o firm becomes a foo firm). 


Observation 4. If the compliance cost exceeds the maximum allowable fine 
(c*¥>F*), then the maximum feasible target compliance rate Z is F*/c*. To 
sce this, consider the unexpected role of p,, the inspection frequency in 
Group 2. Increasing p, might seem to decrease the average rate of 
compliance, ceteris paribus, because a firm in G, is already in compliance, 
and an increase in the inspection rate in that group is just an enhanced 
Opportunity to be returned to G, to do some cheating. Although this may 
suggest making p, as small as possible, there is a minimum value for p; 
consistent with Z. This minimum value may be found by considering the 
numerator and denominator in the expression (1) defining L,: 

Numerator: p,fu(p2F,—p,F,)Sp2u(p2F*), since BP <1, Fy =O and F,=F*. 

Denominator: |—(l—p,)B=1—B +p, fh 2(1 —B)p, +p, B=py. Thus, 


u | Saag Oy coed 
c*SL,Sp,F* be be —<t2 
Pi Cio Z 
This means that p, must be at least Zc*/F*. In particular, if c*>F*, the 
maximum feasible target compliance rate Z is F*/c*, in which case p, =I. 


Observation 5. Let t be the compliance rate that can be achieved in a state- 
independent enforcement strategy with the same resources [* that achieve a 
compliance rate Z in the two group model. Then Z=t2 Z?/(1 +). 


This observation concerns the comparison of this state-dependent enforce- 
ment strategy with one that is independent of prior behavior by the firm. As 
noted above, this repeated game can achieve some degree of compliance for 
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firms that would have incentives to be always in violation in the standard 
state-independent model. Even for those firms for which the standard model 
achieves some compliance, the optimum choice of parameters for the 
repeated game achieves a greater compliance rate for a given inspection 
budget. However, the greater the target compliance rate Z, the less the 
advantage of the repeated game over a state-independent model, because Z 
and Z* become increasingly close. 

Consider first a random enforcement strategy, in which the agency inspects 
in each period with probability 1*, regardless of past outcomes. If the firm’s 
compliance cost c* is less than the expected penalty /*F*, then the firm 
complies at all times; if c¥>/*F*, then the firm never complies. With a 
nonrandom strategy the agency can achieve partial compliance with a state- 
independent model even when I*F* <c*<F*, in the following way. The 
agency announces that for some fraction t of the year, inspections will occur 
with a frequency of c*/F*, and the rest of the year no inspections will take 
place. Assuming the firm knows which is which, its incentive will be to 
comply during the first interval and violate during the second. If the average 
inspection rate for the year is 1*, the average compliance rate is: 


(=P ic*: 


To compare this level of compliance to that achieved with equal inspection 
resources in the two-group modcl, note that from (4) and (6): 


[*=Z.p>(\ +n), 
and from Observation 4 above: 
OFS pyle. 
Substitution into the expression for ¢ yields: 
(eZ al. (7) 


his expression says that the closer Z gets to I, the less difference there is 


The Economics of the Environment 


W. Harrington, Enforcement leverage 43 


between Z and ¢. The bound (7) is fairly tight when f is close to unity (ic. a 
low discount rate) and optimal values for the parameters p,, Pp. and ware 
chosen. For example, suppose target enforcement rate Z=0.8, compliance 
cost c*=50 per month, the maximum penalty F* = 100, and the discount rate 
is 10 percent per year (which makes f=0.992 per month). Then the optimum 
values of p,, pp and u (per month) are approximately: 


p,=9.05, p,=0.41, uw=0.03, 


and the minimum inspection frequency is /*=0.341. Applying these resources 
in a state-independent model we would have t=0.68 and Z?(1+u) =0.66. 

To summarize the distinction between the state-independent and state- 
dependent models discussed above, it has been shown that the state- 
independent model can offer an incentive for partial compliance as long as 
compliance cost c* does not exceed the maximum per-period penalty F*. The 
compliance rate that can be achieved by the agency depends on the rate of 
inspection, but it can be as high as 1 if inspections are sufficiently frequent. 
The state-dependent model can achieve partial compliance even if c*¥ > F*; in 
fact, c*¥ may be as large as F*/(1—f) before the firm can be given no 
incentive to comply at all. When c*>F*, however, Z must be less than 
Pe, 

Besides having greater leverage, the state-dependent model is more cost- 
effective than the state-independent model when c*</'*. Unfortunately, as 
the desired compliance rate approaches unity, this advantage begins to 
disappear. This raises the question of what the addition of a third group 
might accomplish in this same context of restricted penalties. 


4. The advantages of a three-group model 


As noted above, Greenberg proposed a third, absorbing state for his tax 
compliance model. The strength of this model was that it allows the agency 
to threaten a noncomplying firm with a dire result (eternal compliance) 
without having to commit the vast resources (constant surveillance) that 
would ordinarily be necessary to achieve that result. By making such a 
threat, arbitrarily good compliance could be achieved with arbitrarily small 
budgets. However, that outcome depends on the assumption that penalties 
are large enough to induce compliance when an inspection is certain (1.€. 
F*>c). In this section the cost-effectiveness and leverage of this model are 
examined when that assumption no longer holds. 

It will be assumed that, as in Greenberg’s model, the third state is an 
absorbing state, from which no escape is possible and which faces inspections 
with certainty. The fine in the third group Fy cannot exceed the maximum 
allowable fine F*: in fact, it will be assumed that the penalty in Groups 2 
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Table 4 
Expected cost of alternative policies: Three-group model. 
Policy EY(1) m E¥(2) E'*(3) 
é 2 iin 
fooo =p 1=8 Lp 
cp, B+ piF\(1—B+p2up) e(1—(1—pi)B)+BpaupiFy ¢ | 
foo (1 A= B+ ri B + pauB) (T= Py ~B + piB+p2uB) 1-B 
(1—(1—p,)B)(1—B)pF.+(1—P)pip2BF2+Pip2h°¢ —p2F2(1—B)+P2Be Po 
pk (1p) Bt == pad BT =) ({=(1—p2)A0-p) 1B 
(1 —(1—py)B\1—B)p, Fy +1 —B)pyp2BF 2+ pipaB?F P2F ,(1—f)+p2hF, iD. 
fins (1—(1— py) 8) — C1 — p2) 8) — B) (1—(1 —p2)B)U —B) Lp 


and 3 will both be the same, or F,=F,. Analogous to the two-group case, 
let fij(i, j,k =O, 1) denote the eight possible policies for the firm, and E'*(m) 
the expected cost of fj, when m is the initial state (m=1, 2,3). As before, the 
E(m) are found by solving the system of simultaneous equations formed by 
taking the appropriate equation from the table below (the ith equation of the 
first column, the jth equation of the second, and the kth of the third): 


Group 1 Group 2 Group 3 
Comply: E,=c+ PE, E,=c+Pp,uE,+Bil—p,wE, E,;=c+ PE, 


+pi(F,+PE,) E,=p(F,+BE3)+(1—p,)E, E,;=F,+ PE; 


Four of these policies are clearly nonoptimal regardless of the enforcement 
parameters or the firm’s compliance cost: foo;, foio, fio: and foi1. For foo, 
and f,o;, in fact, the absorbing group is never entered because the firm 
complies in Group 2. The policies fo;9 and fo,, are extensions of the 
dominated policy in the two-group model and are also dominated in this 
model. For the remaining four policies, the expected costs in each initial state 
are given as functions of c and the agency enforcement parameters in table 4. 

Unlike the two-group case, the steady-state compliance and inspection 
frequencies for the other four policies depend on the initial state. If a firm 
starts in Group 3, it can never get out regardless of the policy adopted. In 
addition, a firm using policy fyy9 or fy,, is eventually in Group 3 with 
certainty; the inspection rate is | and the compliance rate is either | (fi) or 
0 (fi11). The stationary probabilities for the other two policies are similar in 
form to those encountered in the two-group model. For fog9 the inspection 
rate is p, and the compliance rate is 1, while for f,99 the inspection rate is 
yo =P P2(1 +4)/(py + pu) and the compliance rate is Cyo=p,/(p; + pou). 

To find the firm’s best policy as a function of its compliance cost c, 
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proceed as in the two group case, finding the point of indifference for each 
pair of policies. The results can again be summarized in a series of lemmas. 


Lemma 5. The E¥*(m) are of the form A+ Bc, where 
fOr fonsttmO. k= 0 


> 


for J oe2A =U, BS 0, 


Jor foe BS 0, 


for {3 AS 0. BSD: 


Lemma 6. When the E* are evaluated for particular values of c, we have the 
following: 


JOP C= py Rios P= BPO eto 
por care EL ple 
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where 
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Again, the expected cost is a piecewise linear function. If L,=F, the 
expected cost functions for the optimal policy, v, and v,,° consist of three 
linear segments, as shown in fig. 2(a). The policy f,,;9 is dominated and is 
never optimal. On the other hand, if L,<F,, as shown in fig. 2(b), the 
optimal policy consists of four segments. f;, 9 is no longer dominated. To 
summarize: 


Proposition 2. (a) If L,2F, then the optimum policy g is: 


fooo: if es Ih 
ae Siroos if Jb SC Silas 


Jas if Lo Sc. 


’The expected cost function v, for when Group 3 is the initial state is ignored; it is not very 
interesting since escape from Group 3 is impossible. 
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Fig. 2. Expected cost of the firm's optimum policy as a function of compliance cost: three-group 
model. 


(b) If Ly < Fy, then the optimum policy is: 
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» Table 5 
Inspection resources required to achieve target compliance 
rates: T'wo-group vs. three-group models, 


|. Maximum fine, F* 100 
Compliance cost, c* 150 
Target compliance rate, Z 0.6 
Discount factor, fj ().992 


Two groups 


Three groups 


Pp, =9.062 p, =0.078 
Pp» =0.943 P2=9.103 
u=0.044 t= 0503 
1=0.591 1=0.092 
Il. Maximum fine, F* 100 
Compliance cost, c* 100 
Target compliance rate, Z 0.9 
Discount factor, [3 0.992 
Two groups Three groups 
Pp, =9.082 p, =0.069 
p> =0.908 P2=0.074 
u=0.010 u=0.103 
1=0.826 1=0.074 


where w is the value of c where E'°°(1)=E'!°(1) and £'9°(2)= E"!9(2). 


Given a firm with compliance cost c*, the agency’s problem, as in the two- 
group case, is to find the optimum parameters so that the inspection budget 
I is minimized subject to meeting, the steady-state target compliance fre- 
quency Z. Naturally, the agency wishes to avoid setting parameters that 
might give the firm an incentive to adopt the policy f,,,. This is the worst of 
all worlds for the agency, because it must inspect every period and yet the 
firm continues to violate. The policy f,;9 1s almost as bad, for constant 
inspections are again required. The implication is that the agency must 
choose parameters to ensure that L, exceeds both I’, and the compliance 
cost c*. 

The addition of a third group can result in a spectacular reduction in the 
minimum resources required to achieve a given level of compliance. This 
advantage in cost-effectiveness is illustrated by two numerical examples, 
shown in table 5. In the first, F*=100, c*=150, B=0.992 and the target 
compliance rate Z is 0.6. The group fines are set so that, for the two-group 
model, F, =0 and F,=F*=100, and for the three-group model, F,=0 and 
F,=F,=F*=100. As shown, the steady-state inspection rate | falls from 
(0.591 to 0.093 when the third group is added, primarily due to the sharp 
decline in pz, the inspection rate in the second group. This represents a 
reduction of nearly 85 percent. This advantage remains even when the target 
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compliance rate is high. In the second example, Z=0.9, c*=100 and the 
inspection rate required with three groups is 91 percent less than that 
required with two groups. 

Yet even though the three-group model is much more cost-effective than 
the two-group model, the leverage is the same. Just as in the two-group 
model, the maximum feasible compliance frequency Z that can be achieved 
when the firm’s compliance cost is c* and the maximum penalty is /* is Fee 
To sce this, consider expression (10) defining L,. Since |—(1—p2)B> po, 


K 
pot Fs 
bs (Ll py)p 
and 
Bp u(p2F.—pyF 4) Bup.F, 


(1—-(1—p,)B\1—-C—p2)B)  1-CU =p) 8 


In addition, 1—(1—p,)B>p, and p,u/p, =(1—Z)/Z therefore, 


pups F, <|! | Fy. 
Peale Z 


Hencesl a <l> +h (l a= ZZ =F Je. 

This is why, in example II of table 5, the compliance cost was assumed to 
be, 100 and. not 150 as in..exampler i. (With F*=100. and ‘c= 150.02 
compliance rate of 0.9 is not feasible in either the two-group or the three- 
group model. 


5. Conclusion 


In this paper the behavior of enforcement agencies and regulated firms has 
been analyzed in a repeated game setting in which each can react to the 
previous actions of the other. It has been argued that the two-group state- 
dependent model described in sections 2 and 3 offers an explanation for a 
number of characteristics of the current enforcement of air and water quality 
regulations, some of which are rather difficult to explain using the standard, 
static model. In addition, these adaptive models, especially the three-state 
model described in section 4, are more cost effective than the nonadaptive or 
state-independent models that comprise the bulk of the economic literature 
on enforcement of environmental regulations. In effect, these models work by 
offering a bribe and threatening a penalty at the same time. 

The salient behavioral characteristics of the state-dependent enforcement 
model are, first, that firms are divided into classes depending on compliance 
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cost. Low-cost firms (fo9)-are always in compliance, and high-cost firms (/;;) 
are always in violation. In the middle is the class f,o, consisting of firms that 
move in and out of compliance, depending on the results of the most recent 
inspection. In fact, studies of compliance do show that many firms are 
apparently always in compliance, and there are a few firms that are found to 
be in violation at nearly every inspection and that are subject to incessant 
complaints of nearby residents. However, it is not clear that compliance cost 
is the most important determinant of a firm’s behavior.© Among other 
determinants is the firm’s financial health: firms on the brink of bankruptcy, 
or plants about to be closed by parent firms, appear much more likely to 
commit violations. 

Second, in these models at least partial compliance is achieved without 
ever having penalties imposed on violators. As shown above, this requires the 
penalty in G, (Le. F,) to be set to zero. As noted in the Introduction, 
compliance without penalties seems to be a common characteristic of air and 
water quality enforcement by state governments in the United States. Note, 
however, that if fF, =0, then the group of perfectly-complying firms consists 
only of those with zero compliance costs. It would not be unheard of for the 
relevant compliance costs to be zero, since to achieve compliance the firm 
may have installed abatement equipment with very low operating cost or 
modified the production process to eliminate residuals generation. 

It should be noted also that there are other explanations of compliance 
without penalties, some of which would apply to particular firms, but hardly 
to all firms. An elaborate model is not required to explain the compliance of 
firms with zero compliance cost or firms that for whatever reason may be 
inherently law-abiding, for example. A competing explanation with a wider 
application is the existence of other penalties for noncompliance besides 
money fines. As suggested in Downing (1984) and Harrington (1985), a 
noncomplying firm may face bad publicity; it may be ordered to conduct 
costly stack tests; it may be forced to attend time-consuming meetings or 
conduct maintenance operations at inconvenient times. Such informal incen- 
tives may often be important, but are difficult to identify. No one has 
demonstrated empirically that an unofficial sanction such as fear of adverse 
publicity actually has improved continuous compliance with environmental 
regulations. 

Third, these models ‘work’ better if the desired rate of compliance ts not 
too close to unity. The two-group model has an advantage in- cost- 
effectiveness over a state-independent model that vanishes as the compliance 
rate approaches unity. In both the state-dependent models examined, the 
leverage depended on the target compliance rate: the lower the compliance 


6The relevant cost, of course, is the variable operating cost. Fixed costs are excluded because 
they are unaflected by compliance. 
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frequency, the higher the compliance cost that could be accommodated. If, as 
this suggests, the marginal cost of enforcing compliance is increasing, then 
agencies might be willing to tolerate a high rate of noncompliance to 
minimize costs. And in fact, results of case studies of enforcement do find low 
compliance rates, although again there may be a number of alternative 
explanations for this observation. 

On the other hand, there are some apparent truths from these case studies 
that do not match up well with comparable aspects of the state-dependent 
model, although often only modest extensions of the model are required. For 
example, in the model fines are assessed upon the second consecutive 
violation of the regulation, whereas in reality, sources are often caught 
violating standards over and over again before a penalty is exacted. This 
phenomenon can be imitated by introducing a parameter uw’, analogous to u, 
governing the transition from Group | to Group 2. Alternatively, one could 
visualize a model with firms divided into n groups, with no penalties being 
assessed for violations if in the first m<n groups. But this alteration would 
probably introduce computational unwieldiness without a corresponding 
gain in insight. 

In short, these models are consistent with several broad observations 
about enforcement and compliance of air and water quality regulations, or 
can be made so with minor alterations. But although such consistencies are 
suggestive, they do not constitute a proper test for a theory. Instead, one 
should ask: Do these models generate any testable hypotheses that dis- 
tinguish them from other theories? Are the behavioral assumptions that 
underlie the model reasonable? 

It turns out that testable hypotheses are hard to come by, though hardly 
nonexistent. Let me propose the following two. First, according to (6) the 
rate of compliance for any f;o firm depends not on the cost of compliance, 
but on the transition probabilities in the two groups, p, and p,, plus the 
parameter u. Assuming that the parameters for all firms are the same, the 
rate of compliance for such firms will be the same also. 

Second, and of more interest, is the effect of finding a violation on 
subsequent behavior by the firm. If the firm is inspected and found to be in 
violation, then the probability of a violation at the next inspection is 
reduced. If found in compliance, on the other hand, the probability of a 
violation is increased. That is, suppose we have a record of inspections of a 
firm over time, (J,/,/3...), where [,=1 if the plant was found in violation of 
the nth inspection and 0 otherwise. Then 


Pil =U he -~=O}< PUL, =0}<P{1,=0|1,-,=1}. 


In static models, by way of contrast, the outcome of the current inspection is 
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not affected by the outcome of the previous inspection. This effect, if it exists, 
may be difficult to find in practice, because the inspection may cause the firm 
to revise upward its estimate of the probability of an inspection. An 
inspection could in this case lead to improved compliance even if the firm 
was found in compliance, just as borderline speeders often slow down upon 
seeing a highway patrol car. 

As for the reasonableness of the assumptions of the model, enforcement 
authorities admittedly do not formally and consciously pursue a game- 
theoretic policy of any sort. But they do tend to adjust the inspection 
frequency and penalties to the past performance of sources. In addition, 
enforcement officials typically have a very good idea who the ‘bad actors’ 
are. These sources are burdened with mote frequent surveillance and greater 
likelihood of being fined for violations. Also, in the assessment of penalties 
the recalcitrance of the source is probably more decisive than the likely 
environmental consequences of a violation. The two-group model may 
capture the essence of agency behavior, even it it is not the formal procedure 
used. 

It may also be questioned whether firms are so cynical as to commit wilful 
violations just when they think they can get away with it. This objection is 
another way of saying that firms are not pure cost minimizers. Perhaps not, 
but cost minimization remains a useful simplifying assumption. As noted 
earlier, violations result from a conjunction of numerous stochastic events, 
such as variation in input quality, process upsets, and breakdowns in 
abatement equipment, rather than deliberate acts. A firm has considerable 
discretion in the care with which abatement equipment is operated and 
maintained. It stands to reason that its diligence would be the greater during 
those times when violations were likely to be costly. 

The assumption that there is a maximum penalty also deserves comment. 
On paper, most environmental agencies probably do possess sufficient power 
to force firms to comply with regulations. Even when fines are limited, 
agencies may seek an injunction shutting the plant down. To take such an 
extreme action, however, is costly for the agency and the outcome is 
uncertain. Melnick (1982) has shown how reluctant U.S. courts have been to 
impose draconian measures on recalcitrant firms when such measures would 
result in unemployment. Thus, enforcement agencies often have the authority 
to take drastic action, but it is not a step that would be taken lightly. Given 
such limitations it makes sense to consider what can be achieved with limited 
penalties. 

I think there is yet another assumption being made in these models that is 
perhaps less obvious but probably more questionable: both the firm and the 
agency are assumed to know a lot about the other. The firm is assumed to 
know what enforcement parameters the agency is using, and to know, at any 
instant in time, to which group it is assigned. For tts part, the agency 1s 
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assumed to know the firm’s cost of compliance. In the real world these 
assumption may not hold. This means that both the agency and the firm can 
make mistakes, the agency in the original choice of the parameters of the 
game and the firm in its choice of strategy, as well as in its choice of action 
in any given period. Furthermore, both will know this and will tend to act 
cautiously. For example, suppose a firm had been in compliance for some 
time after a violation. How is it to tell when it is ‘safe’ to relax and begin to 
commit violations again? Presumably inferences could be formed from the 
pattern of inspections, but necessarily there will be a delay, for some time 
will elapse between the time the firm’s status is changed and the firm can 
infer the fact. During this period of delay the firm would be in compliance, 
thus raising the firm’s overall compliance rate, but the arractiveness of 
returning to Group | would be reduced. 

Incorporation of this reality into the model would allow the investigation 
of an interesting theoretical question: Who would benefit if both parties were 
to conceal from the other the requisite information? One can visualize a 
second game, to be played before continuous enforcement begins, in which 
the agency announces the enforcement parameters to be used, the firm 
announces its compliance cost, and each must decide whether to believe the 
other. 

In contrast to the two-group model, the three-group model discussed in 
section 4 1s not represented as a description of current enforcement practice. 
There probably are not any enforcement authorities that threaten repeat 
violators with perpetual surveillance. Nonetheless, this model has much to 
recommend it, for it promises to enforce high compliance rates with relatively 
small enforcement budgets. When penalties are limited the performance of 
the model is not arbitrarily high, as in Greenberg's original model. The 
limitation on penalty size appears to affect the maximum compliance rate 
that can be achieved, but the inspection resources required remain quite 
small, though not arbitrarily so. Practical implementation of this model 
would require some way of allowing firms to escape from the third group, for 
otherwise most firms would eventually end up there. Leakage into the 
absorbing state would occur either because of inevitable mistakes by the 
agency in determining violations, as Greenberg and Russell have pointed out, 
or inadvertent violations by the firm. Allowing an escape from Group 3 
would, no doubt, compromise to some degree the cost-effectiveness of the 
model. Determination of just how much is a subject of future research. 
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Part VI 
The Economics of Conservation 


~ [33] 


CONSERVATION RECONSIDERED 


By Joun V. KrutiLra* 


“Tt is the clear duty of Government, which is the trustee for unborn 
generations as well as for its present citizens, to watch over, and if 
need be, by legislative enactment, to defend, the exhaustible natural 
resources of the country from rash and reckless spoliation. How far it 
should itself, either out of taxes, or out of State loans, or by the device 
of guaranteed interest, press resources into undertakings from which 
the business community, if left to itself, would hold aloof, is a more 
dificult problem. Plainly, if we assume adequate competence on the 
part of governments, there is a valid case for some artificial encourage- 
ment to investment, particularly to investments the return from which 
will only begin to appear after the lapse of many years.” 
A. C. Picou 


Conservation of natural resources has meant different things to dif- 
ferent people. But to the economist from the time of Pigou, who first 
took notice of the economics of conservation [10, p. 27ff], until quite re- 
cently, the central concerns have been associated with the question of 
the optimal intertemporal utilization of the fixed natural resource stocks. 
The gnawing anxiety provoked by the Malthusian thesis of natural re- 
source scarcity was in no way allayed by the rates of consumption of 
natural resource stocks during two world wars occurring between the 
first and fourth editions of Pigou’s famous work. In the United States, 
a presidential commission, reviewing the materials situation following 
World War II, concluded that an end had come to the historic decline in 
the cost of natural resource commodities [12, pp. 13-14]. This con- 
clusion reinforced the concern of many that the resource base ultimately 
would be depleted. 

More recently, on the other hand, a systematic analysis of the trends 
in prices of natural resource commodities did not reveal any permanent 
interruption in the decline relative to commodities and services in gen- 
eral [11]. Moreover, a rather ambitious attempt to test rigorously the 
thesis of natural resource scarcity suggested instead that technological 
progress had compensated quite adequately for the depletion of the 
higher quality natural resource stocks [1]. Further, given the present 
state of the arts, future advances need not be fortuitous occurrences, 

* The author is indebted to all of his colleagues at Resources for the Future and to 


Harold Barnett, Paul Davidson, Otto Davis, Chandler Morse, Peter Pearse, and Ralph 
Turvey for many helpful suggestions on an earlier draft of this paper. 
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rather the rate of advance can be influenced by investment in research 
and development. Indeed, those who take an optimistic view would 
hold that the modern industrial economy is winning its independence 
from the traditional natural resources sector to a remarkable degree. 
Ultimately, the raw material inputs to industrial production may be only 
mass and energy [1, p. 238].* 

While such optimistic conclusions were being reached, they were 
nevertheless accompanied by a caveat that, while we may expect pro- 
duction of goods and services to increase without interruption, the 
level of living may not necessarily be improved. More specifically, 
Barnett and Morse concluded that the quality of the physical environ- 
ment—the landscape, water, and atmospheric quality—was deteriorat- 
ing. 

These conclusions suggest that on the one hand the traditional con- 
cerns of conservation economics—the husbanding of natural resource 
stocks for the use of future generations—may now be outmoded by ad- 
vances in technology. On the other hand, the central issue seems to be the 
problem of providing for the present and future the amenities associated 
with unspoiled natural environments, for which the market fails to make 
adequate provision. While this appears to be the implication of recent 
research,’ and is certainly consistent with recent public policy in regard 
to preserving natural environments, the traditional economic rationale 
for conservation does not address itself to this issue directly.* The use of 
Pigou’s social time preference may serve only to hasten the conversion 
of natural environments into low-yield capital investments.* On what 
basis, then, can we make decisions when we confront a choice entailing 
action which will have an irreversible adverse consequence for rare 
phenomena of nature? I investigate this question below. 

Let us consider an area with some unique attribute of nature—a 
geomorphologic feature such as the Grand Canyon, a threatened species, 
or an entire ecosystem or biotic community essential to the survival of 
the threatened species.’ Let us assume further that the area can be used 


"The conclusions were based on data relevant to the U.S. economy. While they may be 
pertinent to Western Europe also, all of my subsequent observations are restricted to the 
United States. 

*For example, see [7]. 


*It must be acknowledged that with sufficient patience and perception nearly all of the 
argument for preserving unique phenomena of nature can be found in the classic on con- 
servation economics by Ciriacy-Wantrup [3]. 

“An example of this was the recent threat to the Grand Canyon by the proposed Bridge 
and Marble Canyon dams. Scott makes a similar point with reference to natural resource 
commodities [13]. 

ki Uniqueness need not be absolute for the following arguments to hold. I¢ may be, like 
Dupuit’s bridge, a good with no adequate substitutes in the “natural” market area of its 
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for certain recreation and/or scientific research activities which would 
be compatible with the preservation of the natural environment, or for 
extractive activities such as logging or hydraulic mining, which would 
have adverse consequences for scenic landscapes and wildlife habitat. 

A private resource owner would consider the discounted net income 
stream from the alternative uses and select the use which would hold 
prospects for the highest present net value. If the use which promises the 
highest present net value is incompatible with preserving the environ- 
ment in its natural state, does it necessarily follow that the market will 
allocate the resources efficiently? There are several reasons why private 
and social returns in this case are likely to diverge significantly. 

Consider the problem first in its static aspects. By assumption, the re- 
sources used in a manner compatible with preserving the natural en- 
vironment have no close substitutes; on the other hand, alternative 
sources of supply of natural resource commodities are available.* Under 
the circurmstances and given the practical obstacles to perfectly discrimi- 
nating pricing, the private resource owner would not be able to appro- 
priate in gate receipts the entire social value of the resources when used 
in a manner compatible with preserving the natural state. Thus the pres- 
ent values of his expected net revenues are not comparable as be- 
tween the competing uses in evaluating the effciency of the resource 
allocation. 

Aside from the practical problem of implementing a perfectly dis- 
criminating pricing policy, it is not clear even on theoretic grounds that a 
comparison of the total area under the demand curve on the one hand 
and market receipts on the other will yield an unambiguous answer to the 
allocative question. When the existence of a grand scenic wonder or a 
unique and fragile ecosystem is involved, its preservation and continued 
availability are a significant part of the real income of many individuals.’ 
Under the conditions postulated, the area under the demand curve, 
which represents a maximum willingness to pay, may be significantly 
less than the minimum which would be required to compensate such 
individuals were they to be deprived in perpetuity of the opportunity 


principal clientele, while possibly being replicated in other market areas to which the clientele 
in question has no access for all practical purposes. 

©The asymmetry in the relation posited is realistic. The historic decline in cost of natural 
resource commodities relative to commodities in general suggests that the production and 
exchange of the former occur under fairly competitive conditions. On the other hand, ue 
creasing congestion at parks, such as Yellowstone, Yosemite, and Grand Canyon, suggests 
there are no adequate substitutes for these rare natural environments. 

*These would be the spiritual descendants of John Muir, the present members of the 
Sierra Club, the Wilderness Society, National Wildlife Federation, Audubon Society and 
others to whom the loss of a species or the disfigurement of a scenic area causes acute dis- 
tress and a sense of genuine relative impoverishment. 
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to continue enjoying the natural phenomenon in question. Accordingly, 
it is conceivable that the potential losers cannot influence the decision in 
their favor by their aggregate willingness to pay, yet the resource owner 
may not be able to compensate the losers out of the receipts from the 
alternative use of the resource. In such cases—and they are more likely 
encountered in this area—it is impossible to determine whether the 
market allocation is efficient or inefficient. 

Another reason for questioning the allocative efficiency of the market 
for the case in hand has been recognized only more recently. This in- 
volves the notion of option demand [14]. This demand is characterized 
as a willingness to pay for retaining an option to use an area or facility 
that would be difficult or impossible to replace and for which no close 
substitute is available. Moreover, such a demand may exist even though 
there is no current intention to use the area or facility in question and 
the option may never be exercised. If an option value exists for rare or 
unique occurrences of nature, but there is no means by which a private 
resource owner can appropriate this value, the resulting resource allo- 
cation may be questioned. 

Because options are traded on the market in connection with other 
economic values, one may ask why no market has developed where op- 
tion value exists for the preservation of natural environments.*® We need 
to consider briefly the nature of the value in question and the market- 
ability of the option. 

From a purely scientific viewpoint, much is yet to be learned in the 
earth and life sciences; preservation of the objects of study may be de- 
fended on these grounds, given the serendipity value of basic research. 
We know also that the natural biota represents our reservoir of germ 
plasm, which has economic value. For example, modern agriculture in 
advanced countries represents cultivation figuratively in a hot-house 
environment in which crops are protected against disease, pests, and 
drought by a variety of agricultural practices. The energy released from 
some of the genetic characteristics no longer required for survival under 
cultivated conditions is redirected toward greater productivity. Yet 
because of the instability introduced with progressive reduction of bio- 
logical diversity, a need occasionally arises for the reintroduction of 
some genetic characteristics lost in the past from domestic strains. It is 
from the natural biota that these can be obtained. 

The value of botanical specimens for medicinal purposes also has 
been long, if not widely, recognized. Approximately half of the new 
Goes curren tly being developed are obtained from botanical speci- 
mens.” There is a traffic in medicinal plants which approximates a third 


*For a somewhat differently developed argument, see [6]. 
°For an interesting account of the use of plants for medicinal purposes, see [8]. 
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of a billion dollars annually. Cortisone, digitalis, and heparin are among 
the better known of the myriad drugs which are derived from natural 
vegetation or zoological sources. Since only a relatively small part of the 
potential medicinal value of biological specimens has yet been realized, 
preserving the opportunity to examine all species among the natural 
biota for this purpose is a matter of considerable importance. 

The option value may have only a sentimental basis in some instances. 
Consider the rallying to preserve the historical relic, “Old Ironsides.””” 
There are many persons who obtain satisfaction from mere knowledge 
that part of wilderness North America remains even though they would 
be appalled by the prospect of being exposed to it. Subscriptions to 
World Wildlife Fund are of the same character. The funds are em- 
ployed predominantly in an effort to save exotic species in remote areas 
of the world which few subscribers to the Fund ever hope to see. An 
option demand may exist therefore not only among persons currently 
and prospectively active in the market for the object of the demand, but 
among others who place a value on the mere existence of biological 
and/or geomorphological variety and its widespread distribution.” 

If a genuine value for retaining an option in these respects exists, why 
has not a market developed? To some extent, and for certain purposes, 
it has. Where a small natural area in some locality in the United States 
is threatened, the property is often purchased by Nature Conservancy,” 
a private organization which raises funds through voluntary subscrip- 
tions.’* But this market is grossly imperfect. First, the risk for private 
investors associated with absence of knowledge as to whether a particu- 
lar ecosystem has special characteristics not widely shared by others is 
enormous.’* Moreover, to the extent that the natural environment will 
support basic scientific research which often has unanticipated practical 
results, the serendipity value may not be appropriable by those paying 
to preserve the options. But perhaps of greatest significance is that the 
preservation of the grand scenic wonders, threatened species, and the 
like involves comparatively large land tracts which are not of merely 

“The presumption in favor of option value is applicable also to historic and cultural 
features; rare works of art, perhaps, being the most prominent of this class. 

“The phenomenon discussed may have an exclusive sentimental basis, but if we consider 
the “bequest motivation” in economic behavior, discussed below, it may be explained by an 
interest in preserving an option for one’s heirs to view or use the object in question. 

2 Not to be confused with a public agency of the same name in the United Kingdom. 

4 Subscriptions to World Wildlife Fund, the Wilderness Society, National Parks Associa- 
tion, etc. may be similar, but, of course, much of the effect these organizations have on the 
preservation of natural areas stems not from purchasing options, but from influencing public 
programs. 

“The problem here is in part like a national lottery in which there exists a very small 
chance for a very large gain. Unlike a lottery, rather large sums at very large risk typically 
would be required. 
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local interest. Thus, all of the problems of organizing a market for pub- 
lic goods arise. Potential purchasers of options may be expected to bide 
time in the expectation that others will meet the necessary cost, thus 
eliminating cost to themselves. Since the mere existence or preservation 
of the natural environment in question satisfies the demand, those who 
do not subscribe cannot be excluded except by the failure to enroll 
sufficient subscribers for its preservation. 

Perhaps of equal significance to the presumption of market failure 
are some dynamic characteristics of the problem suggested by recent 
research. First, consider the consumption aspects of the problem. David- 
son, Adams, and Seneca have recently advanced some interesting notions 
regarding the formation of demand that may be particularly relevant to 
our problem [5, p. 186]. 


When facilities are not readily available, skills will not be developed 
and, consequently, there may be little desire to participate in these 
activities. If facilities are made available, opportunities to acquire skill 
increase, and user demand tends to rise rapidly over time as individuals 
learn to enjoy these activities. Thus, participation in and enjoyment of 
water recreational activities by the present generation will stimulate fu- 
ture demand without diminishing the supply presently available. Learn- 
ing-by-doing, to the extent it increases future demand, suggests an in- 
teraction between present and future demand functions, which will result 
in a public good externality, as present demand enters into the utility 
function of future users. 


While this quotation refers to water-based recreation, it is likely to 
be more persuasive in connection with some other resource-based recre- 
ation activity. Its relevance for wilderness preservation is obvious. 
When we consider the remote backcountry landscape, or the wilderness 
scene as the object of experience and enjoyment, we recognize that 
utility from the experience depends predominantly upon the prior acqui- 
sition of technical skill and specialized knowledge. This, of course, must 
come from experience initially with less arduous or demanding activities. 
The more the present population is initiated into activities requiring 
similar but less advanced skills (e.g., car camping), the better prepared 
the future population will be to participate in the more exacting activi- 
ties. Given the phenomenal rise of car camping, if this activity will spawn 
a disproportionate number of future back-packers, canoe cruisers, cross- 
country skiers, etc., the greater will be the induced demand for wild, 
primitive, and wilderness-related opportunities for indulging such inter- 
est. Admittedly, we know little about the demand for outdoor experiences 
which depend on unique phenomena of nature—its formation, stability, 
and probable course of development. These are important questions for 
research, results of which will have significant policy implications. 
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In regard to the production aspects of the “new conservation,” we 
need to examine the-implications of technological progress a little 
further. Earlier I suggested that the advances of technology have com- 
pensated for the depletion of the richer mineral deposits and, in a sense, 
for the superior stands of timber and tracts of arable land. On the other 
hand, there is likely to be an asymmetry in the implications of techno- 
logical progress for the production of goods and services from the 
natural resource base, and the production of natural phenomena which 
give rise to utility without undergoing fabrication or other processing.*° 
In fact, it is improbable that technology will advance to the point at 
which the grand geomorphologic wonders could be replicated, or extinct 
species resurrected. Nor is it obvious that fabricated replicas, were they 
even possible, would have a value equivalent to that of the originals. To 
a lesser extent, the landscape can be manufactured in a pleasing way 
with artistry and the larger earth-moving equipment of today’s con- 
struction technology. Open pit mines may be refilled and the surround- 
ings rehabilitated in a way to approximate the original conditions. But 
even here the undertaking cannot be acccomplished without the coopera- 
tion of nature over a substantial period of time depending on the growth 
rate of the vegetal cover and the requirements of the native habitat.’® 
Accordingly, while the supply of fabricated goods and commercial ser- 
vices may be capable of continuous expansion from a given resource base 
by reason of scientific discovery and mastery of technique, the supply of 
natural phenomena is virtually inelastic. That is, we may preserve the 
natural environment which remains to provide amenities of this sort for 
the future, but there are significant limitations on reproducing it in the 
future should we fail to preserve it. 

If we consider the asymmetric implications of technology, we can con- 
ceive of a transformation function having along its vertical axis ameni- 
ties derived directly from association with the natural environment and 
fabricated goods along the horizontal axis. Advances in technology would 
stretch the transformation function’s terminus along the horizontal axis 
but not appreciably along the vertical. Accordingly, if we simply take the 
effect of technological progress over time, considering tastes as constant, 
the marginal trade-off between manufactured and natural amenities will 
progressively favor the latter. Natural environments will represent irre- 
placeable assets of appreciating value with the passage of time. 

If we consider technology as constant, but consider a change in tastes 
progressively favoring amenities of the natural environment due to the 
learn-by-doing phenomenon, natural environments will similarly for this 


%1 owe this point to a related observation, to my knowledge first made by Ciriacy- 


Wantrup [3, p. 47]. 
“That is, giving rise to option value for members of the present population. 
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reason represent assets of appreciating value. If both influences are 
operative (changes in technology with asymmetric implications, and 
tastes), the appreciating value of natural environments will be com- 
pounded. 

This leads to a final point which, while a static consideration, tends 
to have its real significance in conjunction with the effects of parametric 
shifts in tastes and technology. We are coming to realize that consump- 
tion-saving behavior is motivated by a desire to leave one’s heirs an 
estate as well as by the utility to be obtained from consumption.” A 
bequest of maximum value would require an appropriate mix of public 
and private assets, and, equally, the appropriate mix of opportunities 
to enjoy amenities experienced directly from association with the natural 
environment along with readily producible goods. But the option to en- 
joy the grand scenic wonders for the bulk of the population depends 
upon their provision as public goods. 

Several observations have been made which may now be summarized. 
The first is that, unlike resource allocation questions dealt with in con- 
ventional economic problems, there is a family of problems associated 
with the natural environment which involves the irreproducibility of 
unique phenomena of nature—or the irreversibility of some consequence 
inimical to human welfare. Second, it appears that the utility to indi- 
viduals of direct association with natural environments may be increas- 
ing while the supply is not readily subject to enlargement by man. Third, 
the real cost of refraining from converting our remaining rare natural 
environments may not be very great. Moreover, with the continued ad- 
vance in technology, more substitutes for conventional natural resources 
will be found for the industrial and agricultural sectors, liberating pro- 
duction from dependence on conventional sources of raw materials. 
Finally, if consumption-saving behavior is motivated also by the desire 
to leave an estate, some portion of the estate would need to be in assets 
which yield collective consumption goods of appreciating future value. 
For all of these reasons we are confronted with a problem not conven- 
tionally met in resource economics. The problem is of the following 
nature. 

At any point in time characterized by a level of technology which is 
less advanced than at some future date, the conversion of the natural 
environment into industrially produced private goods has proceeded 
further than it would have with the more advanced future technology. 
Moreover, with the apparent increasing appreciation of direct contact 
with natural environments, the conversion will have proceeded further, 
for this reason as well, than it would have were the future composition of 
tastes to have prevailed. Given the irreversibility of converted natural 


See [2]; also [9]. 
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environments, however, it will not be possible to achieve a level of well- 
being in the future that would have been possible had the conversion of 
natural environments been retarded. That this should be of concern to 
members of the present generation may be attributable to the bequest 
motivation in private economic behavior as much as to a sense of public 
responsibility.*® 

Accordingly, our problem is akin to the dynamic programming prob- 
lem which requires a present action (which may violate conventional 
benefit-cost criteria) to be compatible with the attainment of future 
states of affairs. But we know little about the value that the instrumental 
variables may take. We have virtually no knowledge about the possible 
magnitude of the option demand. And we still have much to learn about 
the determinants of the growth in demand for outdoor recreation and 
about the quantitative significance of the asymmetry in the implications 
of technological advances for producing industrial goods on the one 
hand and natural environments on the other. Obviously, a great deal of 
research in these areas is necessary before we can hope to apply formal 
decision criteria comparable to current benefit-cost criteria. Fully use- 
ful results may be very long in coming; what then is a sensible way to 
proceed in the interim? 

First, we need to consider what we need as a minimum reserve to 
avoid potentially grossly adverse consequences for human welfare. We 
may regard this as our scientific preserve of research materials required 
for advances in the life and earth sciences. While no careful evaluation 
of the size of this reserve has been undertaken by scientists, an edu- 
cated guess has put the need in connection with terrestrial communities 
at about ten million acres for North America [4, p. 128]. Reservation of 
this amount of land—but a small fraction of one per cent of the total rele- 
vant area—is not likely to affect appreciably the supply or costs of ma- 
terial inputs to the manufacturing or agricultural sectors. 

The size of the scientific preserve required for aquatic environments 
is still unknown. Only after there is developed an adequate system of 
classification of aquatic communities will it be possible to identify dis- 
tinct environments, recognize the needed reservations, and, then, esti- 
mate the opportunity costs. Classification and identification of aquatic 
environments demand early research attention by natural scientists. 

Finally, one might hope that the reservations for scientific purposes 
would also support the bulk of the outdoor recreation demands, or that 
substantial additional reservations for recreational purposes could be 


%The rationale above differs from that of Stephen Marglin which is perhaps the most 
rigorous one relying on a sense of public responsibility and externalities to justify explicit 
provision for future generations. In this case also, my concern is with providing collective 
consumption goods for the present and future, whereas the traditional concern in conserva- 
tion economics has been with provision of private intermediate goods for the future. 
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justified by the demand and implicit opportunity costs. Reservations 

for recreation, as well as for biotic communities, should include special 

or rare environments which can support esoteric tastes as well as the 
more common ones. This is a matter of some importance because out- 
door recreation opportunities will be provided in large part by public 

bodies, and within the public sector there is a tendency to provide a 

homogenized recreation commodity oriented toward a common denomi- 

nator. There is need to recognize, and make provision for, the widest 
range of outdoor recreation tastes, just as a well-functioning market 
would do. We need a policy and a mechanism to ensure that all natural 
areas peculiarly suited for specialized recreation uses receive considera- 
tion for such uses. A policy of this kind would be consistent both with 
maintaining the greatest biological diversity for scientific research and 
educational purposes and with providing the widest choice for consumers 
of outdoor recreation. 
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The Economics of Environmental 
Preservation: A Theoretical and 
Empirical Analysis 


By ANTHONY C, FisnEer, Jon V. KRuTItia, AND Cuar_es J. Crccnertr* 


Concern over the adequacy of nature’s 
endowments has been reflected in eco- 
nomic literature at least from the time of 
Malthus. For Malthus, the natural envi- 
ronment was essentially a source of in- 
creasingly scarce resources to sustain eco- 
nomic activity. Recent theoretical contri- 
butions in this framework have sought to 
develop programs for the optimal inter- 
temporal consumption of fixed and renew- 
able natural resource stocks.’ Some evi- 
dence, on the other hand, suggests that 
technological progress has so broadened 
the resource base that the scarcity foreseen 
by Malthus and assumed, for example, in 
the stationary utility function postulated 
by Plourde, has not in fact been realized.? 
Yet, though the statistical evidence is that 
the direct costs of production from natural 


* Fisher’s work was done at Brown University and 
Resources for the Future, Inc. Krutilla and Cicchetti 
are at Resources for the Future, Inc. This paper repre- 
sents work done in the Natural Environments Program, 
Resources for the Future, Inc. Fisher’s work was addi- 
tionally supported partially by NSF Grant GS2530 to 
the Institute for Mathematical Studies in the Social 
Sciences, Stanford University. We are indebted to 
George Borts, John Brown, and Harl Ryder for many 
perceptive comments and suggestions. We are also 
grateful to our colleagues at Resources for the Future; to 
faculty and students of the Natural Resources Institute, 
Oregon State University 1969, and to Darwin Nelson, 
Arnold Quint, and Donald Sander of the Federal Power 
Commission for many constructive suggestions. We wish 
to acknowledge as well comments on an earlier draft of 
this paper from Gardner Brown, Ronald Cummings, 
A. Myrick Freeman III, Richard Judy, Clifford Rus- 
sell, V. Kerry Smith, and an anonymous reviewer. 

1 See for example, studies by Vernon Smith, Charles 
Plourde, Oscar Burt and Ronald Cummings. 

2 See the studies by Neal Potter and I’rancis Christy, 
and Harold Barnett and Chandler Morse. 
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resources have fallen (relatively) over 
time, it seems likely that some of the en- 
vironmental costs have risen. 

It is desirable to distinguish two kinds 
of environmental costs. One is pollution, 
concerning which there isa relatively large 
and growing literature,’ which we do not 
address in this paper. The other is the 
transformation and loss of whole environ- 
ments as would result, for example, from 
clear cutting a redwood forest, or develop- 
ing a hydroelectric project in the Grand 
Canyon. Surely there are important eco- 
nomic issues here, yet although there is a 
vast literature dating back to the 1930’s 
en benefit-cost criteria for water resource 
projects, economists have said. virtually 
nothing about the environmental oppor- 
tunity cosis of these projects. Where refer- 
ence is made to the despoliation of natural 
environments, note is made only in passing 
to ‘‘extra-economic”’ considerations.* Simi- 
larly in the texts on land economics no 
mention is made of the economic issues 
involved in the allocation of wildlands and 
scenic resources, nor do the costs of land 
development include the opportunity re- 
turns foregone as a result of destroying 
natural areas. 

More recently Krutilla has argued that 
private market allocations are likely to 
preserve less than the socially optimal 


® For a summary of this literature, see E. J. Mishan. 

4See for example, Proposed Practices for Economic 
Analysis of River Basin Projects, p. 44, Krutilla and 
Otto Eckstein, p. 265, Roland McKean, p. 61, and May- 
nard Hufschmidt, Krutilla, and Julius Margolis, pp. 
S22588 
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amount of natural environments. More- 
over, he concludes that the optimal amount 
is likely to be increasing over time—a par- 
ticularly serious problem in view of the 
irreversibility of many environmental trans- 
formations. 

In this paper we extend Krutilla’s dis- 
cussion in two ways. First, in Sections I 
and II we develop a model for the alloca- 
tion of natural environments between 
preservation and development. Then, in 
Section III, we apply the model to a cur- 
rently debated issue: Should the Hells 
Canyon of the Snake River, the deepest 
gorge on the North American continent, 
be preserved in its current state for wilder- 
ness recreation and other activities,® or 
further developed as a hydroelectric fa- 
cility? 


I 


Before proceeding with the discussion of 
allocation between preservation and de- 
velopment, we observe that a natural area 
may have not just one, but several uses in 
each state. For the development alterna- 
tive, we abstract from this problem by 
assuming allocation to the highest valued 
use or combination of uses via the market, 
or some appropriate mix of market, gov- 
ernment intervention and _ bargaining.® 
Similarly for an area reserved from devel- 
opment, we make the same assumption; 
i.e. the area is used optimally for recrea- 
tion.’ Our objective at this stage, then, is 


5 For a discussion of some of the uses of a preserved 
natural environment, including some suggestions as to 
how benefits might be evaluated, see Krutilla. 

* At least two types of externality, pollution and 
crowding, are likely to be significant in the commercial 
exploitation of a natural area, making an efficient allo- 
cation in general unattainable in the absence of some 
form of government intervention or private bargaining 
to internalize. or a summary discussion of the general 
externality problem, see Mishan, lor an interesting 
treatment of the crowding problem in particular, see 
Smith. 

7 The problem is that beyond some point, expanding 
recreation activity can result in congestion disutility to 


to formulate a model for guiding choice 
between the two broad alternatives of 
preservation and development. 

We begin in this section with a rather 
general model for the optimum use of nat- 
ural environments. In succeeding sections 
a more specific methodology will be devel- 
oped and used to evaluate the Hells 
Canyon alternatives. 

As a defensible definition of optimum 
use we propose that use which maximizes 
the present value of net social returns, or 
benefits, from an area. In symbols, we wish 
to maximize 


a) f e[arr, 0 + BDL, 0) 
— I(t)]dt 


where B? and B°? are expected net social 
benefits (benefits minus costs) at time t, 
from P units of preserved area, and D units 
of developed; 7 is the “social overhead” 
capital investment cost at time t of trans- 
forming from preserved into developed; 
and p is the social discount rate. Note that 
the opportunity costs of development, the 
benefits B? from preservation, generally 
ignored in benefit-cost calculations, here 
enter explicitly into the expression to be 
maximized. 

There are several constraints, imposed 
by nature and past development, on the 
maximization of (1). We recognize, first, 
that the amount of any given area devel- 
oped, residually determines the amount 
preserved. In symbols, 


(2) P+D=L 


where L is the fixed amount of land in the 
area.’ Second, current and future choice is 


recreationists, or ecological damage, or both. For a 
detailed discussion, see l'isher and Krutilla. 

® For sufficient flexibility in application, we think of D 
as the number of units affected hy the development 
activity, adjusted perhaps for the character of the 
activity. 
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constrained by the results of past choices. 
In symbols, 


(3).-P(0) = Py and, D(0) = Dy, 


i.e., initial values for preserved and de- 
veloped portions of the area are given. The 
dynamic and _ irreversibility constraints 
are: 


(4) D=dol, 


where o is a positive constant of trans- 
formation with dimensions area/money,? 
and 


(S) TSO 


Clearly, were the converse true, i.e., were 
the transformation reversible, much of the 
conflict between preservation and devel- 
opment would vanish. It seems to us that 
it is precisely because the losses of certain 
natural environments would be losses 
virtually in perpetuity that they are sig- 
nificant. 

Finally, we assume concave benefit 
functions BP? and B®, so that returns to 
increasing preservation or development 
are positive but diminishing; in symbols, 


iP D ip D 
(6) Bp, Bp > 0 and, B pp, Bop < 0 


It is conceivable that initial stages of 
water resource development may be char- 
acterized by increasing returns. This will 
not in general be true of river systems in 
“advanced stages of development, such as 
the Columbia River system, of which the 
Hells Canyon reach of the Snake River is 
a part. Accordingly, while the larger High 
Mountain Sheep project is more profitable 
than the smaller Pleasant Valley-Low 
Mountain Sheep, any increase in scale 
beyond High Mountain Sheep runs into 


9 Jn specifying the constraint in this fashion we are 
assuming “‘constant returns” to increasing investment. 
This seems at least as plausible, in the general case, as 
either increasing or decreasing returns, as would be im- 
plied by some more complicated functional form for the 
relationship between investment and development. 


severely diminishing returns, as the higher 
pool reduces the existing developed head 
upstream. Moreover, though this antic- 
ipates the analysis just a bit, what really 
matters is the behavior of development 
benefits net of opportunity costs. And the 
marginal opportunity costs of develop- 
ment, the benefits from preservation, are 
increasing as development increases.!° 

We now proceed with a control-theoretic 
solution of this problem in the general 
case, in which no restrictions are placed 
on the time paths of the benefit functions." 
The Hamiltonian is 


(7) IW = e*'[BP(P, t) + B?(D, t) 
— I(t)] + p(t)o7(t) 


where the first term on the right-hand side, 
e*t| BP(P, t) + B?(D, t)—1(t) |, is the (dis- 
counted) flow of net benefits at time t, 
and p(t) is the (discounted) shadow price 
(value of future benefits) of development. 
Setting g(t)=p(t)o —e-', H can be sim- 
plified to 


H = e*[B?(P, t) + B?(D, t)] 
+ g(t)Z(t) 


Note the relationship of g to p. If technol- 
ogy or demand relationships are changing, 
then p and hence g will be affected. 

Applying the maximum principle of 
Pontryagin, et al., J is chosen to maxi- 
mize H subject to the irreversibility re- 
striction (5): 


(8) 


JT is maximized by I1=0 ¢ <0 


9 
0) 1>0 


y = 0 

For g>0, investment would have to be 
infinite over an interval. Quite apart from 
its impracticality, this possibility can be 
ruled out because it leads to a contradic- 


10 This follows from the other half of equation (6), 
namely that BE >0 and BPp, <0. 

11 Problems similar in form to (1)-(6) have recently 
been studied by Arrow and Kurz and by Arrow. In the 
remainder of this section we draw heavily on their work. 
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tion. Obviously, past development could 
not have been optimal; more should have 
been invested earlier. 

Since, from (2) P and D are not inde- 
pendent, H can also be written 


HW = e[BP(L — D, t) + B(D, t)] 


10 
oN + g(t)T(t) 
Again applying the maximum principle, 
OM nax 
Pe = = 
(11) aD 


= —¢*'(—Bp + Bp) 


Since equation (9) is written in g, not p, 
let us write 


g=oaP + per 
(12) = ge-*'(Bp — Bp) + per? 
= e*'[p — o(Bp — Br)], 
and, 
q(ti) — (to) 
(13) 


ti 
= in e"'[p _ the — Bp)Jdt 

From (9), the optimal development 
path is a sequence of intervals satisfying 
alternately the conditions g(t)=0 and 
q(t) <0. Following Kenneth Arrow, define 
intervals in which g(t)=0 as free in- 
tervals, intervals in which q(t)<0O as 
blocked (no investment) intervals. In a 
free interval, g=0, so 


(14) p = o(Bp — Bp) 


Assume, however unrealistically, that 
investment were costlessly reversible, ex- 
cept for prior interest charges. This would 
be equivalent to renting the area for this 
period, at a rate equal to the rate of in- 
terest. As in the related capital accumula- 
tion problem, optimal investment policy 
would then have the myopic property 


= BDO) — Bella), 


Gite 


or 
p P 
Bp(D*, t) =—- + Bp(P*, t), 
o 


which may be interpreted to mean that 
optimal investment policy equates the 
marginal benefits from development Bp 
to the sum of direct and marginal oppor- 
tunity costs (p/o+Bp) at any point in 
time. 

Combining (14) and (15), we have 


(16) D(t) = D*(t) on a free interval 


Again, following Arrow, define a rising 
segment of D*(t) as a riser. Then, since 
D(t) is increasing on a free interval, 
D*(t) is increasing, and a free interval lies 
within a single riser. 

On a blocked intervai (to, ti), 0<to 
<ti<o, it follows that D(ts)=D*(to) 
and q(to)=0, since to is also the end of a 
free interval. Since J=0, D(t) is constant, 
so D(t) = D* (to), to<t<t:. Similarly, since 
t; is the start of a free interval, D(t) 
=D*(t), to<t<t, and g(t;)=0. Sum- 
marizing, on a blocked interval (to, t:), 
0<ty<ti< a ’ 


(17) D*(to) = D*(ti), 
(18) [ver[D%0), t]dt = 0 
where 


r(D, t) = p — o[ Br(D, t) — Ba(P, t)], 


t 
(19) i e~*ty[ D*(to), tldt < Oto <<t < eG 
t 


and 


ti 
(20) it er D* (tela tidt >. 0, te << 


t 


Equations (18)-(20) can be given eco- 
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nomic interpretations. Holding D(t) 
= D*(to), net marginal benefits (B2— B®) 
first exceed (constant) marginal costs, 
since we do not invest, or push develop- 
ment, to the point (D*(t)) at which they 
are equal. As short-run optimal develop- 
ment (D*(t)) begins to fall, however, be- 
yond some point there is too much devel- 
opment, i.e., D(t)=D*(to) >D*(t). From 
this point, marginal benefits are less than 
marginal costs. Equation (18) then says 
that over the full interval (to, t:) the sum 
of (discounted) marginal costs just equals 
the sum of (discounted) marginal benefits. 
Equation (19) says that, over an interval 
starting at ty and ending at any time t 
short of t;, marginal benefits exceed mar- 
ginal costs. Equation (20) is, of course, 
not independent of (18) and (19), and says 
that, over an interval starting at any time 
t beyond ty and ending at ti, marginal 
benefits are less than marginal costs. 
Myopic (D*) and “corrected” (D) op- 
timal development paths are shown in 
Figure 1. Note that at a point such as 


>) 


D(t) 


p*(t) 


FIGURE 1 


to at which D* is rising, if it will be falling 
in the relatively near future, then the 
present value of benefits may be suf- 
ficiently low for g<0, and investment 
should cease (equation (9))—until ti 
(equation (17)). We should observe, then, 
an alternating sequence of rising segments 
and plateaus in the path of optimal growth 
over time of the stock of developed land. 


The divergence of this corrected path from 
the myopic is a crucially important result. 
It says that it will in general be optimal to 
refrain from development even when in- 
dicated by a comparison of current bene- 
fits and costs if, in the relatively near fu- 
ture, ‘‘undevelopment” or disinvestment, 
which are impossible, would be indicated.!2 


II 


In the foregoing analysis no restrictions 
were placed on the patterns of time varia- 
tion of the benefit functions. But when we 
come to consider the Hells Canyon project, 
and quite probably other similar proposals, 
both theoretical and empirical considera- 
tions suggest that bencfits from develop- 
ment are likely to be decreasing, whereas 
benefits from preservation are likely to be 
increasing. The former, at least, may seem 
implausible. After all, shouldn’t the de- 
mands of a growing economy increase the 
benefits from development of a natural 
area such as a hydroelectric power site? 
In this section we first explore this ques- 
tion, and the related one concerning the 
time pattern of benefits from preserva- 
tion, then go on to show how the suggested 
restrictions affect optimal policy. 

The traditional measure of the benefits 
of a hydroelectric power project, at any 
point in time, is simply the difference in 
costs between the most economic alterna- 
tive source and the hydro project. This 
assumes, of course, that the amount of 
power provided by the project will be 
provided in any event, so that gross bene- 
fits are equal and the net benefit of the 
project is the saving in costs.’ However, 
over the relatively long life of a hydro 


2 This result was anticipated by Krutilla, who noted 
“|. our problem is akin to the dynamic programming 
problem which requires a present action (which may 
violate conventional benefit-cost criteria) to be com- 
patible with the attainment of future states of affairs” 
(p. 785). 

8 for a fuller discussion of this point, see Peter 
Steiner. 
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project, costs of the (best) alternative 
source of energy will be decreasing as 
plants embodying new technologies re- 
place the shorter-lived obsolete plants in 
the alternative system. This-means that 
the benefits from developing the hydro 
project are correspondingly decreasing 
over the life of the project. In the tradi- 
tional benefit-cost analysis this adjust- 
ment is not made. Benefits are calculated 
as of the construction date, implicitly as- 
suming that the technology of alternative 
sources is fixed over the entire life of the 
project. For purposes of discussion in this 
section, a simplified process of technical 
change and replacement involving some 
constant rate of decrease of benefits is 
considered. The implications of a more 
complicated and realistic process are de- 
rived in the Appendix, and applied in our 
computations in the next section. 
Benefits from not developing, on the 
other hand, appear to be increasing over 
time. The benefit from a nonpriced service 
such as wilderness recreation in the Iells 
Canyon, at any point in time, is the ag- 
gregate consumer surplus or area under 
the aggregate demand curve for the ser- 
vice. Much evidence suggests that demand 
for wilderness recreation in general, and 
for the Hells Canyon area in particular, is 
growing rapidly. This growth is due per- 
haps to growing population and per capita 
income, with the extra income used by 
consumers in part to “purchase”? more 
leisure for themselves. Rising education 
levels, which seem to be associated with 
increasing preferences for taking this 
leisure in a natural environment doubtless 
also account for the rapidly growing de- 
mands.“ Growth in demand can _ be 
broken down into two components: a 
quantity and a price shift. The effect of 


“ For an illustration of the rapid growth in wilderness 
recreation, see the figures for National Morest wilder- 
ness, wild and primitive area recreation, reported hy 
Irving Hoch. 


population growth, for example, given un- 
changing distributions of preferences and 
income, would be to increase the quantity 
demanded by the same percentage at any 
given “price,” or willingness-to-pay. 

On the other hand, for any fixed quan- 
tity, assuming growth of incomes, a set of 
conditions which will guarantee an in- 
crease in price to occur can be sum- 
marized as follows: if (a) present services 
of the environmental resource have no 
good substitutes among produced goods, 
(b) income and initial price elasticities of 
demand for such services are larger than 
for produced goods in general, and (c) the 
fraction of the budget spent on the en- 
vironmental services in fixed supply is 
smaller than for produced goods in general, 
then the relative “price” or value of the 
environmental services in fixed supply will 
increase over time relative to the price of 
the produced goods at those levels of use 
short of the point at which congestion ex- 
ternalitics occur.® Additionally, changes 
in consumer preferences clearly can affect 
both the quantity and the price shift pa- 
rameters. 

Suppose, now, that the demand for 
wilderness recreation in the Hells Canyon 
is expanding at some rate in the quantity 
dimension, due perhaps to changes in pop- 
ulation and preferences, and at some 
other rate in the price dimension, due 
perhaps to changes in income and tech- 
nology. Then total benefits will be in- 
creasing at a rate equal to the sum of these 
rates, assuming a linear imputed demand 
function.'® 


‘6 These conditions can be derived from the Hicks- 
Allen two-good general equilibrium model. Details can 
be furnished by the authors on request. 

© Let P_=the vertical intercept at time t 

Qi =the horizontal intercept at time t 
ry=rate of growth in willingness to pay (ver- 
tical shift) 
y=rate of growth in quantity (horizontal 
shift) 
By= benefits at time t 
Then 
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It is easily seen that as benefits from 
preservation increase relative to benefits 
from development, the optimal short-run 
level of development D*(t) decreases.” 

We can now show, in the analytical 
framework of the preceding section, the 
effect of this trend on optimal policy. If 
D*(t) is monotone decreasing, then there 
is in effect an infinite blocked interval. De- 
velopment is either frozen at the initial 
level D(O), or jumps, at t=0, to some 
higher level D, and is then frozen. If there 
is some initial investment, obviously 
g(0) =0. Also, lim g(t) =0, because 


(21) —e# < g(t) = op(t) —e* < 0, 


(a) B,=(1/2)PiQt 
= 1/2 (Poe) (Qoe7) 
=1/2 PoQoewtt 


The increment over an infinitesimal period is 
dB 
(b) “em MU 2PuQeev (ry +), 


and the percent rate of increase is 


dB, 
‘% dt 1/2PoQoev*(r, + 7) 
Cc eS re a 

Br 1/2PoQoeuty* 


=n+y7 

11 Tgnoring investment, total benefits at any time t 
from an area of size L, where L= P+ D, and benefits B” 
from the preserved area P are increasing relative to 
~ benefits B? from developed area D at a rate of a’, are 
(a) Bi BECP A tyex* 1 BPD Nt) 

= BP(L — D, test + B?(D, t) 
Optimal D, D*, is found by differentiating with respect 
to D and setting equal to zero. 
OB P D 

(b) Nie — Bret Bp 10 


or 
D ye 
Bp= B pet 


As t increases, e?’t increases, so that Bj (the marginal 
benefits of preservation) must be decreasing, implying 
that P* is increasing—and D* decreasing. 


and 


(22) lim’ = e7#t — 0 
lr wo 
On the blocked interval (0, ©) then, 
D(t)=D, with 


(23) D(0) < D, 
(24) f ey (Ds t)dt > 0 


(but the strict inequality cannot hold in 
both) and 


(25) f 6 HD At > 0) 0 1.< ao 
t 


For the projected development in the 
Hells Canyon, the interpretation of the 
analytical results is that it should be 
undertaken immediately, if at all. In 
symbols, if 


(26) f (era — D,t) + B?(D,t) 


— I(t)]e-etdt > tae — D(0), t) 


— I(t)Je-*tdt, 


where D>D(0), then some initial devel- 
opment, to a level of D, will be optimal. If 
the inequality is reversed, then no further 
development beyond D(0) should be 
undertaken. In the next section, a partial 
and approximate evaluation of these 
present value integrals is attempted, with 
D corresponding to the most profitable 
level of development, the High Mountain 
Sheep project. 

Before proceeding with the evaluation, 
a few qualifying remarks about the ana- 
lytical results may be made. First, although 
a particular program, in this case nonde- 
velopment, may be indicated given current 
anticipations, it can be revised (in the 
direction of further development) at any 
time following the emergence of new and 
unanticipated relationships in the econ- 
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omy, as for example, a reversal of the 
historic decline in energy costs. Or, though 
a particular level of development, cor- 
responding say to High Mountain Sheep 
in the Hells Canyon, may be optimal for 
the purposes of power generation, a more 
intensive level may be indicated by the in- 
clusion of another purpose, for example, 
flat water recreation. In fact, this is not 
now true for development in the IJIclls 
Canyon, because the separable costs of 
high density recreation facilities would 
exceed their benefits.’ 

Second, the somewhat abstract nature 
of the development measure D might be 
noted. D can increase, for example, by 
developing additional sites along the river, 
the construction of facilities to accom- 
modate larger numbers of flat water recrea- 
tion seekers, the penetration by roads of 
virgin sections, etc. 

Third, to what extent, if any, has the 
case for preservation been overstated by 
the absolute restriction on reversibility, 
and can the restriction be relaxed? Our 
view, as stated earlier, is that the irrevers- 
ibility of development is fundamental to 
the problem. This does not, however, 
mean that it must be absolute. Two kinds 
of reversal are possible, or at least con- 
ceivable. One is the restoration of an area 
by a program of direct investment. This 
would seem to have little relevance, how- 
ever, for the sorts of phenomena with 
which we are mainly concerned: an ex- 
tinct species or ecological community that 
cannot be resurrected, a flooded canyon 
that cannot be replicated, an old-growth 
redwood forest that cannot be restored, 
eter” 

The other kind of reversal is the natural 
reversion to the wild, which, though also 


"8 See testimony of Krutilla, /PC hearings, R-5840 
and R-6494-6499, 

” This is not to deny its relevance in some contexts, 
as shown for example in the clean-up and revegetation 
of certain former coal mining areas. 


seemingly of little relevance to our main 
concerns, is easily fit into the analytical 
framework. Suppose some (constant, 
though this is not necessary) nonzero rate 
of reversion, 6. Then D’(t)=D(t) e-*, 
where D’(t) is development subject to 
reversion. It is not clear how much addi- 
tional flexibility this gives to investment 
policy. Even in situations in which 6 is 
significantly different from zero, it may be 
much smaller than the desired rate of de- 
crease as determined by changing tech- 
nology and demand and unconstrained by 
nature. 


Ill 


In this section we present estimates of 
the costs and benefits associated with the 
alternatives for Hells Canyon. There are 
various services which the canyon can 
provide if preserved in its natural state. 
The value of some have become mea- 
surable through recent advances in eco- 
nomic analysis, for example, outdoor rec- 
reation, while the value of others are still 
intractable to economic measurement, for 
example, preservation of rare scientific re- 
search materials. Since we cannot measure 
the benefits in toto, we ask, rather, what 
would the present value of preserving the 
area need to be to equal or exceed the 
present value of the developmental al- 
ternative. Owing to the inverse relation- 
ship between + and aq (see below) the 
initial year’s preservation benefit may 
need to be only very modest in comparison 
with the development benefit. This is il- 
lustrated in simplified, discrete form in 
equation (27) below. 


m fy bo/ (+m) 


ager pM a 
aa (Lact @)* 
(27) 
tT $101 + a)t 
jatey cl chest he 
where: 


m . . . “ye 9 
by =the minimum initial year’s benefit 
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required to make the present value 
of benefits from preserving the 
area equal to the present value of 
the development benefits, 

bo= the initial year’s development bene- 
fit, 

m=the simplified representation of 
technological change for the devel- 
opment alternative and is defined 
in the Appendix 

T=the relevant terminal year for the 
development alternative, 

T’=the relevant terminal year for the 
preservation alternative, 

1= the discount rate, 

a,=the percent rate of growth in an- 
nual benefits as described in foot- 
note 16. 


This is the required initial year’s benefit 
from preservation which makes the two 
alternatives equivalent and relation (26) 
an equality. 

The terminal years for each choice, T 
and T’, are determined by the years in 
which the discounted annual benefit falls 
to zero. They need not and probably 
would not be the same. Any change in the 
relative annual values of the incompatible 
alternatives would result in different rel- 
evant time horizons.”° For convenience in 
computation, we select T and T’ as the 
years in which the increment to the present 
value of net benefits of each alternative 
falls to $0.01 per $1.00 of initial year’s 
benefits. 

Now = in the numerator of equation (27) 
is derived from our technical change model 
(see the Appendix). The value of m de- 
pends on a) investment per unit of thermal 
capacity, b) cost per kilowatt hour of 
thermal energy, and c) the rate of advance 
in technical efficiency. We have relied on 
construction cost data provided by I*ed- 


20 Since control theory has not previously been ap- 
plied in public sector benefit-cost studies, the time hori- 
zons have been selected arbitrarily. 


eral Power Commission (FPC) staff wit- 
nesses;”" taken energy costs to be increas- 
ing from 0.98 mills per kilowatt hour in the 
early stage to 1.28 mills per kilowatt hour 
in the later period of analysis owing to 
projected increases in cost of processing 
nuclear materials; and selected rates of 
technological progress of 3 to 5 percent, 
believed to bracket the relevant range. 
Using such data in our technological 
change model we find that gross hydro- 
electric benefits will be overstated be- 
tween S and 11 percent when technological 
change is not introduced into the anal- 
ysis.** While the difference in gross bene- 
fits may not be very large, if the two al- 
ternatives are close cost competitors, such 
small differences can make a large dif- 
ference in net benefits. In short, using a 
medium value for all of the parameters 
tested results in a reduction in the net 
present value by approximately a half in 
the Hells Canyon hydroelectric evalua- 
tion.” 


21 See testimony of FPC witness Joseph J. A. Jessell, 
FPC hearings, and Exhibit No. R-54-B. 

22 See testimony of FPC witness I. Paul Chavez, “In 
the Matter of ..., ”’ and Exhibit No. R-107-B. 

2% The rate of technological change was computed 
from data presented in the biennial reports of Flectrical 
W orld over a period representing a consistent method of 
reporting, 1950-68. It must be acknowledged that the 
model used for computational purposes is applicable to 
the period of the past, dominated by use of fossil fuels 
and not specifically relevant to the yet unspecified 
changes in technology of the future, doubtless to be tied 
closely to nuclear reactors. The argument, however, is 
that while the relevant models would differ, the effects 
of technological change on costs of generation will be of 
the same or greater order of magnitude and should not 
be ignored, (See testimony of Krutilla, #PC hearings, 
R-5838.) Although, as noted earlier, at least some of the 
reduction in costs may be balanced by a rise in environ- 
mental pollution from the more efficient fossil fuel 
plants, estimated costs of dealing with the thermal pol- 
lution from a nuclear plant are included in our calcula- 
tions (though not the possible but unknown costs of 
radioactive waste disposal). 

* See Table 1, Exhibit R-670, FPC hearings, for the 
complete range of values resulting from the computa- 
tional model given in the Appendix. 

* See testimony of John V. Krutilla, PC hearings, 
R-5842-3 and Exhibit Nos, R-669 and R-671, 
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In our discussion of benefits from pres- 
ervation in the last section, especially in 
footnote 16, we took a to be constant. 
This is plausible, however, only so long as 
the capacity of the area for recreation 
activity is not reached. If demand for the 
wilderness recreation services of the area 
is growing, congestion externalities event- 
ually will arise. That is, a point will be 
reached beyond which use of the area by 
one more individual per unit time will re- 
sult in a diminution of the utility ob- 
tained by others using the area. I*or pur- 
poses of this analysis, this point is taken 
as the “carrying capacity” of the area. 
If the benefits of additional use exceeded 
the congestion costs, total benefits could 
be increased by relaxing this constraint.” 
But we seek here to define a quantity of 
constant quality services, the value of 
which will be a lower bound for preserva- 
tion benefits. Counting from the base year, 
let k be the year in which use of the area 
reaches capacity, m the year in which y 
falls to the rate of growth of population, 
and d the rate of decay of y. 

Beyond some point, then, annual bene- 
fits do not grow at a uniform rate over 
time but depend upon the values taken by 
Y, %, k, d, and m. The particular values 
taken, i.e., y of 10 percent and k of 20 
years, with alternative assumptions for 
purposes of sensitivity analyses, were 
chosen for reasons given elsewhere.?? A 
discount rate of 9 percent with alterna- 
tives of 8 and 10 percent was the result of 
independent study.” The selection of the 
value of m for 50 years, with alternative 
assumptions of 40 and 60, was governed 
by both the rate of growth of general de- 
mand for wilderness or primitive area 
recreation, and the estimated “saturation 

6 For a detailed discussion of this and other consid- 
erations in determining the capacity of a natural area 
for recreation activity, see Visher and Krutilla. 


* See testimony of John V. Krutilla, “PC hearings, 
R-5859-73. 


8 See Eckstein and Arnold Harberger, and also 
James Seagraves. 


level” for such recreational participation 
for the population as a whole. Finally, the 
range of values for 7, was taken from what 
we know about the conventional income 
elasticity of demand?® as related to the 
special case of a unique resource in fixed 
supply and growth in per capita income 
over the past two or three decades.” 

To contrast the results of our analysis 
with traditional benefit-cost analysis, con- 
sider the computed initial year’s preserva- 
tion benefit (Table 1) corresponding to 7 
of 9 percent, 7 of 0.04, y of 10 percent and 
k of 20 years, m of 50 years and r, of 0.05; 
namely, $80,122. This sum compares with 
the sum of $2.9 million, which represents 
the “‘levelized” annual benefit from the 
hydro-electric development, when neither 
adjustments for technological progress 
have been made in hydroelectric power 
value computations, nor any site value 
(i.e., present value of opportunity benefits 
foreclosed by altering the present use of 
Hells Canyon) is imputed, to costs. 
Typically then, the question would be 
raised whether or not the preservation 
value is equal to or greater than the $2.9 
million annual benefits from development. 

Let us now consider the readily quan- 
tifiable opportunity benefits which would 
be foreclosed by development of the can- 
yon. These are based on studies conducted 
by the Oregon and Idaho fish and game 
commissions in cooperation with the U.S. 
Forest Service and monitored by an ob- 
server representing the applicants for the 
FPC license. Presented in summarized 
form they appear in Table 2. 

While systematic demand studies of the 
several different recreational activities 
were not conducted in connection with the 
imputed values, given what is known 
about prices paid for fishing and hunting 
rights where such rights are vested in 


7° See Cicchetti, Joseph Seneca and Paul Davidson. 

5° See footnote 15. 

*! See testimony of John V. Krutilla, FPC hearings, 
R-S877-, Table 3 R-5878-9, R-5880-4. 
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—— ’ ny = 
TABLE 1 INITIAL YEAR S PRESERVATION BeENneEriITs, 0, (GROWING AT THE RATE a) 
REQUIRED IN ORDER TO Have PRESENT VALUE EQUAL TO DEVELOPMENT 


y=7.5 Percent 


y= 10 Percent 


y= 12.5 Percent 


ty k=25 years k= 20 years k=15 years 
i=8 Percent, m= SO years, r=0.04, PVGQ,...7= $18,540,000 
0.04 $138, 276 $109, 149 $106, 613 
0.05 87,568 70, 363 TAO). 153) 
0.06 48,143 39,674 41,292 
4=9 Percent, m= S50 years, r=0.04, PVG... .r = $13,809,000 
0.04 $147,422 $115,008 $109,691 
0.05 101,447 80,122 78 , 336 
0.06 64,300 51,700 $2,210 
7=10Percent, m=S0 years, r=0.04, PVC,.,.r=$ 9,861,000 
0.04 $142,335 $110,240 $103 ,030 
0.05 103 ,626 80, 888 Waza 
0.06 71,369 56,397 55,194 


Sources: Exhibit No. R-671, R-672, FPC hearings, and Transcript R-5869-5873. 


Where: 
i= discount rate 


¥,=annual rate of growth in price for a given quantity 
y=annual rate of growth of quantity demanded at given price 
k=number of years following initial year upon which carrying capacity con- 


straint becomes effective 


m=number of years after initial year upon which y falls to rate of growth of 


population 


PVC,...r=present value of development (adjusted) 
y=annual rate of technological progress in the development case 


private parties, we feel our estimates are 
rather conservative.” 


2 See also William Brown, Ajmer Singh and Emery 
Castle; Stephen Mathews and Gardiner Brown; and 
Peter Pearse for more systematic evaluation of the 
~ Oregon and Washington Steelhead-Salmon I[isheries 
and other big game resource values, and the estimated 
willingness to pay. On the basis of all the evidence avail- 
able to us the imputation of values in the Hells Canyon 
case appear to be most conservative. It should be noted, 
however, that two assumptions are made in order that 
the values appearing in Table 2 represent net benelits, 
consistent with the benefits estimated for the hydro 
development. One assumption is that there are no ade- 
quate substitutes of like quality, i.e., other primitive 
scenic areas are either congested or being rationed, con- 
ditions which are widely encountered in national parks 
and over much of the wilderness system. Secondly, it is 
assumed that the demand unsatisfied by virtue of the 
transformation of the Hells Canyon would impinge on 
the margin in other sectors of the economy character- 
ized by free entry and feasibility of augmenting sup- 
plies, i.e., incremental costs will equal incremental bene- 
fits. 


Considering the estimates one might 
argue, for example, that the preservation 
benefits shown are roughly only a third 
($.9 to $2.9 million) as large as would be 


TABLE 2—EstTIMATED INITIAL YEAR'S QUANTI- 
FIABLE PRESERVATION BENEFITS 


Visitor 

Days 

Initial Unit SImputed 
Recreation Activity Year Value Benefits 


Streamside Use 
Angling 
Canyon Area Hunting 


84,000 $ 5.00 $420,000 


Big game 7,000 25.00 175,000 
Upland bird 1,000 10.00 10, 000 
Increased value of 
remaining hunting 
experience 29,000 10.00 290,000 
Total Quantifiable Opportunity Benefits $895,000 
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required in comparisons based on tradi- 
tional analysis of similar cases. By in- 
troducing the differential incidence of 
technological progress on, and growth in 
demand for, the mutually exclusive al- 
ternative uses of the Hells Canyon, 
we reach quite a different conclusion. The 
initial year’s preservation benefit, subject 
to reevaluation on the basis of sensitivity 
tests, appears to be an order of magnitude 
($900,000 to $80,000) larger than it needs 
to be to have a present value equaling or 
exceeding the present value of the develop- 
ment alternative. Thus we get results 
significantly different from traditional 
analysis. 

What about the sensitivity of these con- 
clusions to the particular values the vari- 
ables used in our two simulation models 
are given? Sensitivity tests can be per- 
formed with the data contained in Table 1, 
along with additional information avail- 
able from computer runs performed. Some 
of these checks are displayed in Table 3. 


TABLE 3—SENSIVITIY OF ESTIMATED INITIAL YEAR’S 
REQUIRED PRESERVATION BENEFITS TO CHANGES IN 
VALUE OF VARIABLES AND PARAMETERS 
(at 1=9 percent) 


Variation Percent Change 
in Variable Percent in Preservation 

Variable From To Change Benefit 

pr 0.04 0.05 25 39-49 

r 0.04 0.05 25 25 

k*® (years) 20 25 25 30-40 

y (percent) 10 12.5 25 —4to +7 

m (years) 40 50 25 3 


* The 25 percent change in years before carrying ca- 
pacity is reached translates into a 40 percent change in 
carrying capacity at the growth rate of 10 percent used 
here. 


Given the estimated user days and im- 
puted value per user day, the conclusion 
regarding the relative economic merit of 
the two alternatives is not sensitive within 
a reasonable range, to the particular 
values chosen for the variables and pa- 


rameters used in the computation models. 

There is need, however, for another set 
of tests when geometric growth rates are 
being used. We might regard these as 
“plausibility analyses.” For example, the 
ratio of the implicit price to the projected 
per capita income in the terminal year was 
examined and found to equal 2.5x10-*. At 
today’s per capita income level this is 
comparable to a user fee of approximately 
$10.00. Similarly, the ratio of the terminal 
year’s preservation benefit to the GW P in 
the terminal year is found to be 4.0x107’. 
This value compares with a ratio of the 
total revenue of the applicants in 1968 to 
GNP of 5.0x10-*. The year at which the 
growth rate in quantity of wilderness-type 
outdoor recreation services demanded falls 
to the rate of growth of the population 
must also be checked to ensure that the 
implicit population participation rate is 
something one would regard as plausible. 
Such tests were performed in order to 
avoid problems which otherwise would 
stem from use of unbounded estimates. We 
found our assumed initial rate of 10 per- 
cent, appropriately damped over time, was 
a realistic value. 

Finally, since the readily observed initial 
year’s benefits appear to be in excess of 
the minimum which would be required to 
have their present value exceed the present 
value of development, the computation is 
concluded at this point. Note, however, 
that since the analysis relies implicitly on 
the price compensating measure of con- 
sumer surplus, the resulting estimate of 
preservation value would be for this rea- 
son, as well as the restricted carrying 
capacity, a lower bound. Moreover, in 
seeking maximum expected benefits, we 
have implicitly assumed a neutral attitude 
toward risk. In fact, some preliminary 
findings as to the effect of uncertainty on 
optimal environmental policy suggest that 
there may be a kind of risk premium, or 
other adjustment, in the direction of re- 
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ducing benefits from development relative 
to preservation.** 


IV 


In Section I of this study we propose a 
model for the allocation of natural en- 
vironments between preservation and de- 
velopment, and show that it will in general 
be optimal to refrain from some develop- 
ment indicated by current benefits and 
costs if, in the relatively near future, ‘un- 
development,” which is impossible, would 
be indicated. In Section II we show that 
if, as in the case of the proposed develop- 
ment in the Hells Canyon, benefits from 
development are decreasing over time rela- 
tive to benefits from preservation, it will 
be optimal to proceed with the develop- 
ment immediately, if at all.*4 In Section 
III we consider this question in detail for 
the case of the Hells Canyon, and show 
that it will not, in fact, be optimal to 
undertake even the most profitable de- 
velopment project there. Rather the area 
is likely to yield greater benefits if left in 
its natural state. 


APPENDIX 


Over the first 30-year period, taken as the 
useful life of a thermal facility, let PVC; 
represent the present value of annual costs 
per kilowatt of the thermal alternative in 
year t: 


PVC, = Ci + E(8760F) 


PVC, 


{c: + [E8760(F — k)] 


$i oe (760%), Gan) 


% See Cicchetti and A. Myrick Freeman, and Fisher. 
This is an important question and one which bears on 
the design of optimal policies for pollution control as 
well, but further consideration is beyond the scope of 
this paper. 

%4 This is consistent with the obvious differences in 
views held by members of affluent societies and less 


PVC, = {cs + E[8760(F — (n — 1)k)] 


oh 2 8760 


1 n-1 
ol) eee for l 30 
(, x (jr I <<< 


where 
C,=Capacity Cost/KW/yr during first 
30-year perlod 
F= Energy Cost/KWh 
F=The plant factor; (.90) 
k=a constant representing the time 
decay of the plant factor (.03) 
i= the discount rate 


r=the annual rate of technological 
progress 
Writing out the mth term yields: 
Cy 87600EF 
PVC, = ; : 
(ett) (le yee 
8760LR(n — 1) 8760ER(n — 1) 
(ee eo 


These terms can be summed individually 
using standard formulas for geometric pro- 
gressions and then factored to form: 


30 
30 = >. PVC, = (Cr + 8760EF) 


n=1 


* = =] 8760ER 


l—a 1 
1 — a’ 
os — 2900 
1—a 
8760 1 — 0° 
+ { ee: 
(i+ re ya ee 


where 


Gena +H 


developed countries on these and related environmental 
issues. 
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Over years 31,..., T the cost expressions 
are similar except that we are dealing with 
only T—30 additional years and all terms 
thus get discounted by a factor of (1/1+7)*. 
Hence, using similar formulas for the sum of 
geometric series the present value of annual 
costs per kilowatt from this later period is 
determined to be: 


re 1 30 
| = > Pvc, = 
PVC see iy om dh ( + -} 


p=3l 
— ——| 
l-—a 


——|- — q(T-31) 
ager cee a ar. — 19q(T-31) 


1 1-—a 


: {cn AF 87600F) | 


87602 k 
ie mah Ns oe Jia 


1 — $(t-3y 
|— se igpcr-a» | 
a} 


where 
Cr 
Ci = Gdn 
. E 
aaa 
The overall present value is: 
PY Gish go PV Cyr. Pi Cae 
EV Cac ee es 


Traditional analyses are based essentially on 
the model given below. 


[Cr + E(8760F)] 
n=1 (1 = 0) oe 


or, which is equivalent, 


K= 


1—at™ 
= [Cr + ¢s760r)|] | 
l—a 
We can therefore determine a relationship 
between the traditional measure of develop- 
ment benefit (K) and the measure outlined 
in this appendix (PVCi,..., t) in order to 


define the simplified measure of technological 
change (1) utilized in the text above. 


K T bo 
PVG. T ean Ur 
Ty Oeil (licken)* 


sp 


pat ol 
map es 
Ate = 
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SNVIRONMENTAL PRESERVATION, UNCERTAINTY, 
AND IRREVERSIBILITY * 


KeEennNeEtrH J. ARROW 
ANTHONY C. FISHER 


I 


A number of recent contributions by economists have provided 
a clear insight into the causes of the varied forms of environmental 
deterioration, and have also suggested, implicitly or explicitly, 
policies for more efficient management of environmental as well as 
other resources.!. Yet, as Allen Kneese has pointed out in a review 
of empirical studies of pollution damages, “a general shortcoming of 
[these studies] has been that they have treated a stochastic or prob- 
abilistic phenomenon as being deterministic.” 2? The purpose of this 
paper is to explore the implications of uncertainty surrounding esti- 
mates of the environmental costs of some economic activities. It 
is shown in particular that the existence of uncertainty will, in cer- 
tain important cases, lead to a reduction in net benefits from an 
activity with environmental costs. In such cases the implication 
for an efficient control policy will generally involve some restriction 
of the activity. 

Any discussion of public policy in the face of uncertainty must 
come to grips with the problem of determining an appropriate at- 
titude toward risk on the part of the policy maker. Thus in the 
essay quoted above, Kneese asks, “Is the concept of mathematical 
expectation applicable here or must we give attention to higher 
moments of the probability distribution. . . ?”% Although the ques- 
tion has not, to our knowledge, received consideration in just this 
form in the environmental literature, received theory does shed some 
light on the issue it poses. 


* Research reported in this paper has been supported by a grant from 
the Natural Environments Program at RIF and also in part by NSF Grant 
GS 2530 to the Institute for Mathematical Studies in the Social Sciences, 
Stanford University. Comments and suggestions by Harl Ryder and a referee 
are gratefully acknowledged. 

1. Also some not so recent, as in the classic work of Pigou. For a review 
of some more recent contributions, see I. J. Mishan, “The Postwar Literature 
on Iixternalities: An Interpretative Essay,” Journal of Economic Interature, 
Vol. 9 (March 1971), 1-28. 

2. A. V. Kneese, Economics and the Quality of the Environment — Some 
Empirical Experiences, Reprint Number 71 (Washington, D.C.: Resources for 
the Future, 1968), p. 172. 
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' Burton Weisbrod first suggested that where there is uncertainty 
in demand for a publicly provided good or service, there may be some 
benefit (“option value”) to the individual in addition to the conven- 
tional price-compensating consumer surplus. More recently Charles 
J. Cicchetti and A. Myrick Freeman III have shown that, where 
there is uncertainty in either demand or supply, Weisbrod’s option 
value will be positive for risk-averse individuals.® In the Cicchetti- 
Freeman analysis this extra benefit from the public good is in fact 
equivalent to a premium for risk bearing. Examples of such goods 
in the environmental sector (to which we will return) might be the 
preservation of certain valuable natural phenomena or the abate- 
ment of pollution. 

At this point a very interesting corollary question arises. It 
is this: even assuming a nonneutral attitude toward risk, hence the 
need for some adjustment of expected benefits and costs to the indi- 
vidual, as demonstrated by Cicchetti and Freeman, does it neces- 
sarily follow that the social calculus should properly make the same 
adjustment? It does seem plausible, but a challenge to this point 
of view has been put forward in an analysis of the evaluation of 
benefits from more traditional public investments by Arrow and 
Lind. They show that, as the net returns to an investment of given 
size are shared by an increasingly large number of individuals, the 
individual risk premium, and more importantly and perhaps un- 
expectedly, the aggregate of all such premiums go to zero. Only 
expected returns, then, should be taken into account in evaluating 
the investment. 

This is the approach taken in the next section, in which the 
discussion focuses on a decision as to how far, if at all, to proceed 
with some form of commercial development of an unspoiled natural 
area that is also capable of yielding benefits in its preserved state. 
In particular, the question considered is, does the introduction of 
uncertainty as to the costs or benefits of a proposed development 
have any effect on an appropriately formulated investment criterion 
beyond the replacement of known values with their expectations? 
It turns out that, if the development involves some irreversible 
transformation of the environment, hence a loss in perpetuity of the 
benefits from preservation, and if information about the costs and 

4. B. A. Weisbrod, “Collective-Consumption Services of Individual- 
Consumption Goods,” this Journal, Vol. 78 (Aug. 1964), 471-77. 

5. C. J. Cicchetti and A. M. Freeman III, “Option Demand and Con- 
sumer Surplus: Further Comment,” this Journal, Vol. 85 (Aug. 1971), 528-39. 


6. K. J. Arrow and R. C, Lind, “Uncertainty and the Evaluation of 
Public Investment Decisions,” American Economic Review, Vol. 60 (June 


1970), 364-78. 
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benefits of both alternatives realized in one period results in a change 
in their expected values for the next, the answer is yes — net benefits 
from developing the area are reduced and, broadly speaking, less 
of the area should be developed. 


II 


In this section we are concerned primarily with the effect of un- 
certainty on the criteria for choice between two alternative uses 
of a natural environment — preservation and development. As an 
example of the type of problem to which the analysis might be ap- 
plied, consider the choice, at each moment in time, between preserv- 
ing (part of) a virgin redwood forest for wilderness recreation, on 
the one hand, or opening (part of) it up to clear-cut logging, on the 
other. Although this sort of transformation may be technically 
reversible, the length of time required for regeneration of the forest 
for purposes of wilderness recreation is so great that, given some 
positive rate of time preference, it might as well be irreversible. 

A problem having just these characteristics has in fact been 
studied by Fisher, Krutilla, and Cicchetti.?, Without going into the 
structure of the problem in more detail, their results, following re- 
sults obtained by Arrow § and by Arrow and Kurz ® in dynamic opti- 
mization theory, can be summarized as follows. First, it will in gen- 
eral be optimal to refrain from some development that is currently 
profitable if in the near future “undevelopment,” which is impossible, 
would be indicated. Second, if net benefits from development are in 
fact decreasing over time relative to benefits from preservation, as 
shown in an empirical application to proposed further development 
of hydroelectric capacity along the Hells Canyon reach of the 
Snake River, it will be optimal to develop either immediately or not 
at all. It is then shown that even the most profitable of current 
development projects there can be expected at this time to yield a 
smaller return than the preservation-recreation alternative. 

The notion of “irreversibility” underlying these results might 
be spelled out a bit more. Ordinarily, it would be technical. Thus 
the construction of a major dam or series of dams in the Hells 

7. A. C. Fisher, J. V. Krutilla, and C. J. Cicchetti, “The Economics of 
Environmental Preservation: A Theoretical and Empirical Analysis,” Ameri- 
can Economic Review, Vol. 62 (Sept. 1972), 605-19. 

8. K. J. Arrow, “Optimal Capital Policy and Irreversible Investment,” 


in J. N. Wolfe, ed., Value, Capital and Growth (Chicago: Aldine Publishing 
Company, 1968), pp. 1-20. 


9. K. J. Arrow and M. Kurz, “Optimal Growth with Irreversible Invest- 
ment in a Ramsey Model,’ Econometrica, Vol. 38 (March 1970), 331-44. 
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Canyon clearly could not be undone in such a way as to make pos- 
sible the enjoyment of the recreational and other services currently 
provided by the free-flowing stream through the deepest canyon 
on the North American continent. 

Conceivably, construction of an alternative power source could 
preclude development of the hydroelectrie potential there. This 
would, however, be an economic decision, and one that might in any 
case be reversed — although this would not be indicated by a con- 
tinuation of present trends in benefits from wilderness preservation 
versus power development there, as assumed in the Fisher-Krutilla- 
Cicchetti study. 

Of course, a technically irreversible development could be 
characterized as one that would be infinitely costly to reverse. More 
generally, the cost of reversal may take intermediate values that 
would vary with the alternative chosen. For the remainder of this 
section, however, it may be helpful to rely on the intuitive notion 
of a technically irreversible development, such as the placing of a 
dam. 

As the Fisher-Krutilla-Cicchetti study adopts the risk-neutral 
approach in its specification of only expected costs and gains in the 
investment criterion with no adjustment, for example, for option 
value in preserving, the bias against development is due solely to 
the restriction on reversibility. By joining to this restriction the 
additional and plausible assumption that realizations in one period 
affect expectations in the next, as spelled out in the following simple 
model, we discover, consistent with the continuing assumption of 
risk neutrality, a ‘“quasi-option value” having an effect in the 
same direction as risk aversion, namely, a reduction in net benefits 
from development. 

Consider, now, the development of an area d over a two-period 
time horizon consisting of a first period followed by all future in- 
tervals compressed into a single second period. Though not partic- 
ularly elegant, this formulation seems sufficient to capture the es- 
sential features of the process described above. 


Let d=unity (a normalized unit of land) 
d,=the amount of land developed in the first period 
dy=the amount of land developed in the second period 
b, = benefits from preservation of d in first period 
ba= benefits from development of d in first period 
Bp= expected benefits, conditional on b, and by, from preserva- 
tion of d in second period 
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Ba= expected benefits, conditional on bp and ba, from develop- 
ment of din second period 

c= investment costs in first period 

C2= investment costs in second period. 


Several remarks can be made concerning the structure of this 
model. 

1. Though explicitly dynamic, it need not deal with time dis- 
counting in any meaningful way. Thus the second-period benefits 
and costs B,, Ba, and c2 can be viewed as present values, and the re- 
sults are not affected. 

2. It is assumed that development entails investment costs but 
preservation does not. Costs of preservation could easily be intro- 
duced (where meaningful) but again, results would not be affected, 
and extra terms would clutter the model. The real difference be- 
tween the alternatives is that one is assumed to be reversible, and 
the other not. 

3. Note that second-period expectations are conditional on first- 
period realizations. Some amount of development is planned at the 
start of the first period, but the plan can be revised (at least in the 
direction of additional development) at the start of the second 
period, based upon information that has accumulated concerning 
benefits in the first period. 

4. Note, finally, that all benefits are specified as coefficients, so 
that constant returns to any level of development or preservation are 
assumed. Later on, this assumption is relaxed. 

Let us focus now on the decision at the start of the second 
period. If Ba—Bp>co, then dg=1—dy. If Ba—Bp<co, then do=0. 
Define z= Ba—B,p, w= ba—bp—Ccy, and event A as z>Ccy. If A occurs, 
total benefits from the area are 


(1) b,( —d,) +bad,—c,d}+Ba—C2(1—d;) = wd,+Cod,+b, 
+Ba- Ce. 

If A does not occur, then benefits are 

(2) bp(1—dy) + bad: —c,d,+f,(1—d,) + Bad; = wdy+2d, 
+bp+ Bp. 

The expected benefits from developing d,>0 in the first period are 

(3) E'[(w+min(ce, z))d,+b,+max (Ba—Ce, Bp) J. 

Now suppose that d;=0. If A occurs, total benefits from the 


area are by+fa—C2; if A does not occur, benefits are bp+Bp; and 
expected benefits are H[b,+-max(Ba—Cce, Bp)]. Then the difference 
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(in expected benefits) between developing d,>0 and d,=0 is 
(4) E[(w+min (co, z))d,+-bp+max (By—Ce, B,)] —E[b,+max 
(Ba—C2, Bp) J = E[(w+min (cs, z) )d,]. 

We are interested in the sign of the expression E [w+ min (cs, z) HE 
If it is positive, it will be optimal to develop in the first period. 

Now suppose that the decision maker ignores uncertainty, i.e., 
he lets z and w be replaced by known numbers E[z] and E[w], so 
that the criterion is E[w]+min(co, E[z]). Either c.<E{z], or 
¢2>E{[z]. Consider the case in which co<E[z], so that the cri- 
terion is E[w]+ ce. Clearly, 

(5) min (¢2, 2) <Co; 
with 
(6) P[{min(c2, z) <<ce] >0, 
where P[ ]} represents the probability of occurrence of the expres- 
sion in brackets. Thus 
(7) E [min (C2, 2) ] <ce; 
and 
E[w+min(co, z)] <E[w]+ce. 

The expected value of benefits under uncertainty is seen to be 
less than the value of benefits under certainty. There exists a range 
of values for z and w for which development should not, then, take 
place under uncertainty but should under certainty. An interpreta- 
tion of this result might be that, if we are uncertain about the pay- 
off to investment in development, we should err on the side of under- 
investment, rather than overinvestment, since development is ir- 
reversible. Given an ability to learn from experience, underinvest- 
ment can be remedied before the second period, whereas mistaken 
overinvestment cannot, the consequences persisting in effect for all 
time. 

Similarly, for the case in which c.>E[z], 


(8) min (C2, z)<z; 

with 

(9) P[{min(c2, z) <z] >0. 
Thus 


(10) E{min(ce, z)] <E[z]. 

Note that the assumed rigidity of the benefit (and cost) coeffi- 
cient requires that, if the criterion is positive, the entire area be 
developed. Our result then states that the entire area is less likely 
to be developed under uncertainty. It might be desirable to have a 
result of this type in more flexible form, in particular that less of a 
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riven area be developed under uncertainty — rather than less chance 
of the entire area’s being developed. 

Let (as yet) undeveloped area d be divided into n units, 
M1, 2) «+ > pny each with fixed coefficients. Suppose, now, we con- 
sider development of d on a unit-by unit basis, proceeding exactly 
as above, but with the benefit and cost coefficients referring, respec- 
tively, to the first unit considered, then the second, ete. Under the 
plausible assumption of diminishing returns to both development 
and preservation, it is easily verified that, if it does not pay to 
develop the first unit considered, then it does not pay to develop 
any of the others. If, on the other hand, it pays to develop the first 
unit, then the second must be considered and so on. Corner solu- 
tions are possible as before, but so are interior solutions of part 
preserved and part developed. 

In order to avoid confusion over the terms “constant returns” 


_ and “diminishing returns,” we can define them more precisely. Let 


each of the n units p;,1=1, ... , n be further divided into m sub- 
units yyy, t=1, ... 5 2, j= 1, « 5 m, each with fixed coefhcients. 
Constant returns to, say, first-period development within any unit 
p;, can be represented as 
Di 0d = ne et Oa 
with 
baiytbaigt . . . +0ai, = dai, 
where bai,=benefits from development in the first period of unit 
viz, etc. Diminishing returns to development across units p; can be 
dba dbpi 
represented as i <0. (Note that qi >0, as benefits from pre- 
serving the marginal unit increase with the number of units already 
developed.) In this formulation the size and number of units 
are defined by the condition that returns are constant within each. 


Ill 


The foregoing analysis indicates that, even where it is not ap- 
propriate to postulate risk aversion in evaluating an activity, some- 
thing of the “feel” of risk aversion is produced by a restriction on 
reversibility. If one takes the view that some means of spreading 
the risk associated with the uncertain environmental costs of the 
activity is likely to be feasible in most cases, then there are clear 
policy implications to this result, as it sharply distinguishes between 
reversible and irreversible changes in the environment. 
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One such implication, however, is not the overthrow of marginal 
analysis. Just because an action is irreversible does not mean that it 
should not be undertaken. Rather, the effect of irreversibility is to 
reduce the benefits, which are then balanced against costs in the 
usual way. 

The analysis can be applied to problems of pollution control 
as well. Let by and fq represent the benefits from an investment, 
and c; and cz the direct costs, as before. Then b, and £, can be taken 
to represent the benefits (reduced losses) from the cleaner or less 
toxic air, or water, that would be enjoyed were the investment not 
made. 

Of course, the dynamic model is relevant only if the pollution 
is in some sense irreversible, as is the extinction of a form of life, or 
the destruction of a unique geomorphological phenomenon. This is 
an empirical matter. Clearly, much pollution is short-lived, suffi- 
ciently diffused or degraded by the assimilative medium to render it 
negligible in concentration and harmless in effect beyond some 
point in time. To this type of pollution the model does not apply. 

On the other hand, there is evidence that some pollution does 
accumulate in the environment, perhaps sufficiently to be considered 
irreversible. Recent research has shed light on the toxicity and the 
persistence, indeed the increasing concentration, of the “hard” or 
nondegradable pesticides such as DDT, for example, and of indus- 
trial substances such as lead. A decision on a project involving 
discharge into the ambient environment of any of these or other 
potentially harmful and persistent substances should then take into 
account the continuing effect, as in the analysis of the preceding 
section. The same reasoning would apply to cumulative “macro” 
environmental effects, such as the increasing concentration of carbon 
dioxide in the global atmosphere, with its attendant climatic changes, 
as predicted by some ecologists. 

The point about uncertainty, information, and irreversibility 
might be made still more generally, i.e., without reference to en- 
vironmental effects. Essentially, the point is that the expected bene- 
fits of an irreversible decision should be adjusted to reflect the loss 
of options it entails.? 
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1. For an earlier statement see A. G. Hart, “Risk, Uncertainty, and the 
Unprofitability of Compounding Probabilities,” in Studies in Mathematical 
Economics and Econometrics, ed. by O. Lange, F. McIntyre, and 'T. O. Yntema 
(Chicago: University of Chicago Press, 1942). 
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